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Abstract&
 
Pulsed Plasma Thrusters (PPTs) represent an electric propulsion option for 
auxiliary mission on space vehicles, such as attitude control, station keeping etc. 
PPTs normally use a solid propellant (typically Teflon) which is ablated and 
eventually accelerated by a pulsed electric discharge. In the thesis, the behavior of 
a PPT is analyzed by means of heuristic models such as the slug model and the 
snowplow model. The snowplow model is presented in dimensionless form. 
Different types of energy storage circuits needed to power the pulsed current 
discharge are considered: capacitor bank, transmission line and pulse forming-
network.  For each energy storage solution the theoretical model is completed 
with the relevant circuit equations. The model equations is then integrated by 
means of numerical techniques and solutions are obtained for a variety of 
operating conditions. A PPT with flared and shaped electrodes was built and 
circuit parameters were measured. Experimental outcomes have been matched 
with model equation predictions. Results provided could prove useful in the 
design of new PPTs and in the evaluation of their experimental performance. 
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!Chapter!1!4 Introduction*to*Pulsed*Plasma*
Thruster!
1.1 Scope&
The ablative Pulsed Plasma Thruster (aPPT) is a quasi-steady 
Magnetoplasmadynamic (MPD) thruster that employs impulsive high current 
discharges to ablate and accelerate a solid propellant, usually Teflon. There are 
many factors that can impact the performance of the thruster, e.g. the geometry of 
the duct (parallel plate, coaxial plate, etc.), the geometry of the propellant surface 
and the power supply storage system (capacitor bank, transmission line, pulse 
forming network (PFN)). The research program aims to develop analytical models 
able to evaluate theoretical thruster performance varying the geometry and the 
power supply storage system, to investigate phenomena connected with the 
ablation process and to design, manufacture and test one prototype in order to 
verify the effectiveness of the models. Moreover it should be useful to collect a 
number of data that are only partially available in literature, e.g., current 
discharge, mass consumption, etc. at different charging conditions. 
1.2 Introduction&
In the wide area of space electric propulsion thrusters the first technology that has 
been launched on a flight mission is the Pulsed Plasma Thruster (Zond 2, 1964 
[19]). This is not the last flight application of this technology. Other flight missions 
followed  
 
• 1968, Lincoln Experimental Satellite 6 (LES-6), attitude control for 10 
years 
• 1974, Synchronous Meteorological Satellite (SMS) 
• 1981-1988, Navy Transit – (TRANSIT Improvement Program) 
TIP/NOVA family, drag compensation, 28 thruster years of successful 
operation 
• 2000, EO-1, pitch and axis control and momentum management 
• ...!
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This kind of propulsion system is able to deliver thrust in the range from micro to 
milli-Newton and can operate in either quasi-steady or pulsed mode. In general an 
electric thrusters can be classified using one of the following three categories: 
 
• electro-thermal propulsion 
• electromagnetic propulsion 
• electrostatic propulsion 
 
The PPT is included in the second one. Advantages of this electric propulsion 
concept are: 
 
• simplicity 
• robustness (the negator that drives the fuel bar is the only moving part) 
• low cost 
• reliability 
• long life 
• solid propellant (vacuum compatible, tank, seals, mechanical valves are 
not required) 
• near to zero warm-up time 
• variable thrust level 
• fail-safe failure mode (a inoperative thruster will generate no thrust 
without gas escaping->no forces or moments on the spacecraft) 
 
Against the advantages of this technology there is a number of complex 
electromagnetic and electro-thermal process interactions that drive to a low 
efficiency (in the order of 10-15%). As experienced by a number of authors [1], [2], 
[3] thruster performance can be improved working on the following 
 
• geometry (electrode shape, feeding position, etc.) 
• power supply (capacitor, pulse-forming network, transmission line) 
 
A critical element in the design of a PPT is the matching between the electric 
impedance of the power supply and the thruster. As result of the match or 
mismatch the discharge current can be dumped, over-dumped or oscillatory. That 
have a direct impact in two direction, the first is toward the capacitor lifetime 
(high energy oscillation decrease critically the capacitor lifetime) the second one 
is toward the dynamic operation of the thruster (during a single current discharge 
at each current reversal corresponds the same resulting Lorentz force but the 
thruster behavior is completely different due to energy consumption at each 
oscillation and due to interaction between a current oscillation and the others). To 
achieve a long lifetimes ( 710>  pulses) high quality capacitors have to be used. 
This special class of capacitors shall comply with the following: 
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• very low internal inductance (few nH) 
• high voltage (>1500V) and high current capability (>20kA) 
• low mass 
 
As for the low inductance requirement, the low mass requirement is hard to be 
achieved due to the fact that a huge amount of energy have to be stored in the 
capacitor and, try maintaining an high reliability of the capacitor, an energy 
density of about 20 J/Kg have to be considered for about 107 pulses and the 
energy density decreases with pulses. 
 
Figure&1.1:&Capacitor!energy!density!vs.!design!life 
The solid propellant used to feed this thruster is virgin Teflon, a number of 
investigation[19] have been performed to identify a propellant with better 
performance (in terms of ablation rate, reduce carbonization, consumption, etc.) 
but up to now the balance is always in favor to the virgin Teflon. The pulsed 
behavior of this thruster (the time needed to complete each thrust cycle is in the 
range of 20-60 µs) make possible to modulate the frequency of ignition of the 
thruster (N) in order to obtain the desired thrust: 
 
I = T dt∫  
Ibit = T N  
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The ablated mass per shot is in the order of µg and usually is measured as the 
mean of the mass loss over a large number of pulses. Knowing the thrust and the 
mass loss per shot it’s possible to calculate the specific impulse of the thruster. 
 
mgII bitsp Δ=  
 
The specific impulse range for a PPT is 300-5000s with a higher concentration of 
designed thruster near 1000s. As studied by other authors [5], [19] the thrust 
generated by the PPT can be assumed to be formed by two components: the first 
component is constituted by electromagnetic forces, the second is constituted by 
electro-thermal forces. The relative incidence of each component on the total 
thrust is essentially due to the following aspects: 
 
• pulse duration 
• electrode shape and propellant feeding configuration 
 
In most PPT the pulse length is in the order of few µs but it is important to 
discriminate how short it is, i.e., defining tp as the pulse length and ta as the time 
needed to a perturbation in the plasma to propagate (streamwise acoustic time = 
L/a, where L is the channel length and a is the sound speed), the PPT can operate 
in short pulse (tp <<  ta ) or quasisteady fashion (tp >>  ta ). The sound speed is a 
function of the plasma temperature [19] and for a typical temperature range of 1-2 
eV a reasonable value is 5Km/s. A PPT used in short pulse mode will take 
advantage essentially of electromagnetic component of thrust, in a PPT used in 
quasisteady mode the electro-thermal component it is not negligible w.r.t. 
electromagnetic component and its contribution have to be considered. In the 
framework of this dissertation I consider only the electromagnetic component of 
the thrust therefore in designing the prototype I try to drive the thruster in a short 
pulse mode.  
On improvement of the thruster efficiency and techniques to obtain higher 
performance I’ll discuss afterwards. The choice of the power supply have a direct 
impact on the current discharge shape and time. Starting from this point, my 
thesis has been concerned with the analysis of three different power supply 
technology: capacitor bank, transmission line, pulse-forming network. In order to 
verify model outcomes and to analyze the effect on thruster behavior due to 
different power supply conditions I developed a breech-fed PPT with flared and 
shaped electrodes. 
I have to remember that in West Europe first studies and experiments on ablative 
PPT have been performed at University of Pisa in collaboration with University 
of Rome at the end of seventy [29]. 
!Chapter!2!4 Analysis(of(various(energy(
storage(circuits(on#current#discharge#and#
theoretical*performance!
2.1 Introduction&
In this chapter I present a non-dimensional model for the calculation of theoretical 
performance. The model is based on slug and snowplow idealization and is solved 
when a bank of capacitors is used as energy storage [13], [11]. Two alternative 
energy storage circuits are proposed: Transmission Line (TL) and Pulse-Forming 
Network (PFN). Using these two kinds of circuit the PPT is studied as a circuit 
with a moving element under the hypothesis the velocity of the plasma discharge 
is constant. 
2.2 Electrical&circuit&description&
Starting with the hypothesis that the power supply unit is a capacitor bank and 
following the same approach of other authors [11], [12], [13] the PPT is modeled using 
a RLC circuit with changing elements, i.e., variable inductance (representing the 
moving plasma sheet under the Lorentz force). Making a step back and 
considering a simple RLC circuit with lumped and constant elements the equation 
circuit is as follows: 
 
Figure&2.1:&RLC!circuit!with!lumped!elements 
 
∫−=+ IdtCRIdt
dIL 1
 
( 2.1 ) 
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That can be re-written as follows: 
 
                                       
02
2
=++ V
dt
dVRC
dt
VdLC
 ( 2.2 ) 
 
Solving the circuit equation it is possible to verify that exist a value of the 
resistance that influence the current discharge behavior. In this case the value is 
CLR 42* =  and for values of R higher or lower than R* the current discharge 
shape will be oscillatory (a), critically dumped (b) or dumped (c). Therefore it is 
very important to compare the circuit resistance with the load resistance 
especially if a critically dumped behavior is desired (resistance matching 
required). 
 
(a) (b)  
(c)  
Figure&2.2:&Current!discharges!with!different!coupling!conditions    
It is interesting to note that the period of oscillation is defined as LCT π2=  
and so thinking to a PPT as the load (contribution to L and R), when the geometry 
is defined the only parameter that can be chosen in order to modify the period is 
the capacitance. Removing now the limit of constant elements, the movement of 
the plasma sheet through the rail gun can be studied considering the plasma as a 
circuit element with constant resistance but variable inductance xLLL 10 += . 
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Figure&2.3:!PPT!equivalent!circuit![11] 
2.2.a Slug(model(
Following the approach presented by other authors [13] the PPT equivalent circuit 
can be studied writing the following 
 
(Circuit eq.)         
( )[ ]
( ) ∫ =+−+++=
=+++
t
Idt
C
VIRxILIxLL
C
QIRxLLI
dt
d
00110
10
01
 
( 2.3 ) 
 
(Momentum eq.)   21
20
0 2
1
2
JLJ
w
hjBdxhwxm === ∫
µδ
 
( 2.4 ) 
 
The Newton’s equation it is necessary in order to describe the motion of the 
plasma sheet. The presented Newton equation has been written considering all the 
mass ablated from propellant to be included in the plasma sheet at x=0. This kind 
of approximation of the dynamic of the acceleration process is named slug model. 
Under the described hypothesis it is possible to solve the model finding the 
current discharge behavior and the plasma sheet velocity distribution. In the 
following the dimensionless system of equation, helpful for a first approach to the 
study of PPT performance. 
 
                       
( ) ( )
( )( ) ( )!"
!
#
$
−=+++
=
∫
*
0
***'**'**
2*''*
11
t
dtJJxJJx
Jx
β
α
 
( 2.5 ) 
where 
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!
!
!
!
"
!
!
!
!
#
$
=
=
=
I
C
L
V
J
t
CL
t
x
L
Lx
0
0
*
0
*
0
1*
1
1
              
!
!
"
!
!
#
$
=
=
0
0
2
1
2
0
2
2
L
CR
mL
LVC
β
α
 
( 2.6 ) 
 
  
Figure&2.4:&Current!discharge!and!plasma!sheet!velocity,!slug!model 
2.2.b Snowplow(model(
Modifying the slug model in order to take care of a more realistic distribution of 
mass within the discharge chamber, the snowplow model can be defined. The 
model uses the same equations presented for the slug model with a modified 
Newton’s law in order to consider the variable distribution of mass within the 
channel as function of x. The PPT equivalent circuit can be studied writing the 
following 
 
(Circuit eq.)          
( )[ ]
( ) ∫ =+−+++=
=+++
t
Idt
C
VIRxILIxLL
C
QIRxLLI
dt
d
00110
10
01
 
( 2.7 ) 
 
(Momentum eq.)                212
1 JLxmxm =+ 
 
( 2.8 ) 
 
With the hypothesis of a mass distribution along the channel, a mass function 
have to be defined: 
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( ) ( )
( )
xhwmdtxxhwmxm
xt
ρρ +=+= ∫ 000   
( 2.9 ) 
 
In this formula 0m  has been introduced to make possible the solution of the 
numerical model, anyhow that mass represent the small amount of mass that is 
introduced between electrodes at the ignition of the thruster, i.e., when the spark 
plug is fired. In the following the dimensionless system of equation, helpful for a 
first approach to the study of PPT performance under snowplow approximation: 
 
                          
( )( ) ( ) ( )
( )( ) ( )!!"
!!
#
$
−=+
&
+
&
+
='(
)
*+
, &+
-
+
∫
*
0
*******
2*
2
****
11
t
dtIIxIIx
Ixxxm
β
α
 
( 2.10 ) 
 
  
Figure&2.5:&Current!discharge!and!plasma!sheet!velocity,!snowplow!model 
Simply observing the plots obtained for the slug and for the snowplow model, it is 
evident that for the slug model the velocity of the plasma sheet is rising 
monotonously, conversely for the snowplow there is a first acceleration phase 
where the velocity increase following the increase in intensity of the current 
discharge and then once the current begin to loss its intensity a drop in velocity 
appears. 
2.3 Dimensionless&model&for&the&evaluation&of&Theoretical&performance&of&PPT&
Starting from a work of introduced by other authors [11], I present a model for the 
evaluation of theoretical performance of PPT. The model is proposed in 
dimensionless form in order to make easier the analysis of scaling factor and to 
support preliminary investigation on gun performance. Due to the fact that this 
technology has been introduced at the end of sixty, a number of measurements on 
flight and laboratory PPT has been performed. The measurement regarded voltage 
discharge, current discharge, plasma sheet velocity, thrust measurement, etc.. 
10! Chapter!2!4!Analysis!of!various!energy!storage!circuits!on!current!discharge!
and!theoretical!performance!
!
Thanks to these research campaign the efficiency of the PPT is improved and 
today it is possible to find PPT with an efficiency up to 15 % [19] but the 
complexity of the physics under the dynamic operation of the thruster make hard 
to traduce these information in a clear and organic design guide fro the PPT. In 
this view the present work would be a basic step in designing a PPT, making 
possible the evaluation of the effect that various parameter have on PPT 
performance. In addition I think that the data acquired during the test campaign 
will be extremely useful as reference point for future investigations. Considering 
a breech-feed parallel rail PPT and assuming that all the mass ablated from the 
propellant is confined within the narrow plasma sheet that appears after thruster 
ignition, the PPT can be analyzed studying the following equivalent circuit. 
 
 
Figure&2.6:!PPT!equivalent!circuit 
Where: 
 
LB = capacitor bank parasitic inductance; 
LD  = circuit parasitic inductance; 
RB  = capacitor bank parasitic resistance; 
RP  =  plasma resistance (assumed to be constant); 
 
The plasma sheet is also assumed to be plane and always parallel to the surface of 
the propellant that is assumed to be ablated uniformly. Moreover the thickness of 
plasma sheet is assumed to be slim with respect to the discharge chamber length 
and so its depth is considered to be near zero. As analyzed in the ablation chapter 
of the present work there are a number of phenomena that are not considered by 
the model e.g., mass loss at boundary, energy loss by radiation, ionization, etc., 
wall effects, etc.. The present model doesn’t take care of these dissipative 
mechanisms. 
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Circuit Equation 
With these assumption the circuit equation (Kirchoff’s law) for the PPT 
equivalent circuit can be obtained deriving the energy equation of the system: 
 
           
( ) ∫∫ ++++=
t
x
t
dt
dt
dxFdtIRIxLLCVCV
00
2
0
2
0
22
0 '2
1
2
1
2
1
 
( 2.11 ) 
 
where DB LLL +=0 , PB RRR +=0 , 0V  is the voltage at which the capacitor is 
charged, 2'21 ILFx =  is the axial component of the Lorentz force integrated 
over the discharge volume. Considering that ( )dtdVCI −=  the circuit equation 
can be written: 
 
                    
( ) I
dt
dxLIRI
dt
dxL
dt
dIxLLV '
2
1'
2
1' 00 ++++=
 
( 2.12 ) 
 
In the left part of the equation there is the capacitor bank voltage drop, in the right 
part there are respectively the following voltage drops: inductance, increase of 
new magnetic field volume, resistance, work done on the discharge. The equation 
is obviously valid starting from the moment at which the thruster circuit is closed, 
i.e., after the ignition. 
 
Momentum Equation 
The momentum equation is obtained equaling the impulse with the change in 
momentum:  
 
                                        
( ) !
"
#
$
%
&=
dt
dxxM
dt
dIL 2'
2
1
 
( 2.13 ) 
 
The relation has been written with a variable mass in order to be able to represent 
the snowplow idealization, i.e., the mass the initially is distributed within the 
channel is progressively captured by the plasma sheet during its motion under the 
effect of the Lorentz force. The Lorentz force is generated by interaction of the 
electric filed between electrodes and its own magnetic field. Performing the 
derivative of the product between commas the momentum equation can be re-
written as follows: 
                              
( ) 2
2
2
2
'
2
1)( IL
dt
dx
dx
xdM
dt
xdxM =!
"
#
$
%
&+
 
( 2.14 ) 
 
12! Chapter!2!4!Analysis!of!various!energy!storage!circuits!on!current!discharge!
and!theoretical!performance!
!
If the mass distribution is known the terms M (x)  and dM x( ) dx  are know. 
For the purpose of the present analysis an exponential distribution is assumed to 
be present within the channel (see paragraph 2.3.b). 
2.3.a Non3dimensional((Equations(
In order to generalize the numerical solution of presented set of two equations and 
in order to make easier the analysis of scaling laws, both circuit and momentum 
equations can be non-dimensionalized. The choice of non-dimensional variables 
and parameters it is not unique and other authors have used various sets. 
 
- Non-dimensional variables 
 
( ) tClL ⋅= −1'τ  lx=ξ  0QQ=γ  
 
- Non-dimensional parameters 
 
( )[ ]200 '2 QLlM=Φ    ( )[ ] 021' RlLC=Ω    ( )lLL '0=Λ  
 
- Non-dimensional mass-distribution function 
  
( ) 0MxM=ϕ  
 
Re-writing in dimensionless form the system of equations that describe the 
dynamic of the process of plasma acceleration 
 
Circuit eq.                    0=++Ω+Λ+ γξγξγγγ    ( 2.15 ) 
 
Momentum eq.                   22' γξϕξϕ  =Φ+Φ  ( 2.16 ) 
 
In order to discriminate among different configurations it is possible to define an 
efficiency factor that take care of the ratio of instantaneous kinetic energy of the 
moving plasma sheet to the energy that initially is accumulated in the capacitor 
bank: 
                                      
2
2
0
2
2
1
2
1
2
1
ξϕη Φ=
%
&
'
(
)
*
=
CV
dt
dxM
 
( 2.17 )
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Trying to understand the influence that each parameter has on performance, it is 
useful observe the parameter definitions and make some manipulation on that 
formulas, e.g., Ω  is an index of the damping characteristic of the RLC circuit 
with lLL '=  therefore values higher than unit indicates the tendency of the 
complete circuit to oscillatory behavior whilst values lower than unit indicates the 
tendency to over-damped behavior. It is interesting to analyze the definition of the 
parameter Φ , i.e., its definition can be re-written as follows (considering that 
00 CVQ = ) 
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The above formula can be re-arranged in order to highlight the closed relation that 
link this parameter respectively with the efficiency, the ratio between circuit 
resistance and dynamic impedance, the damping parameter Ω  and the ration 
between with inductance variation. 
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where the efficiency is evaluated at the ejection time and the derivative of ξ  is 
evaluated as follows: 
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The above formula can be re-written considering that 11 'xLL =  
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and finally considering that ( ) 21'2 lCLπ  is the resonant period of the final circuit 
the above formula can be re-written as follows: 
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Observing the above relations it is possible to state that large values of the Φ  
parameter will correspond to oscillating behavior of current discharge with an 
high number of oscillations during the acceleration time. On the other hand small 
values of the Φ  parameter will correspond to high dumped current discharges 
with higher wavelength values. A very common design criteria is 10 >>Δ LL , 
i.e., the change in inductance due to the moving sheet during plasma acceleration 
process should be the highest as possible in order to have a very strong 
contribution of Lorentz force to plasma acceleration. Therefore observing the 
definition of the parameter Λ  an efficient accelerating system should have 1<Λ
. In fact some authors [3] studied the impact that an increase in inductance have on 
thruster performance conducting to various electrode geometries able to increase 
0LLΔ  maintaining the same electrode length. 
2.3.b Ablated(mass(distribution(
In order to numerically solve the presented model it is needed to introduce a mass 
distribution function. The distribution can be evaluated analytically or by 
experimental investigations, in the present work I used the following distribution 
[11]: 
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Where the parameter a, variable within the range 0 to 1, was introduced in order 
to consider a variety of initial mass distribution from the slug approximation 
(a=1) to the constant density profile (a=0). The parameter ϕ  is the same defined 
in the precedent paragraph and represent the mass accumulated by the plasma 
sheet during its motion at the distance ξ  while 'ϕ  is the derivative of ϕ  with 
respect to the distance ξ  as requested by the momentum equation. The parameter 
0ϕ  is a little amount of initial mass needed to eliminate the singularity (zero 
mass) at the start of the acceleration process. This parameter have a meaning in 
the real acceleration process it corresponds to the little amount of mass produced 
during the ignition process (before the occurrence of the main discharge). 
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Mass distribution function with non-dimensional distance 
 
 
Figure&2.7:!Non4dimensional!mass!distribution!and!its!derivative!with!distance 
2.3.c Model(discussion(
Solving the model described in paragraph 2.3.a with numerical techniques it is 
possible to describe a huge number of configuration solution. In each plot is 
shown the non-dimensional current discharge, voltage drop, position and velocity 
of the plasma sheet with non-dimensional time. Also the initial mass distribution 
is changed (acting on parameter a) and results are presented for snowplow and 
slug configuration. As a first approach the parameter Ω  can be assumed to be 
zero (is usually very low due to low R0). Considering the other two parameters Λ  
and Φ , their influence on efficiency can be easily evaluated observing the 
following plot where efficiency is reported as function of Λ  and Φ : 
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Figure&2.8:&Level!curves!of!kinetic!efficiency!(a=0.8) 
It is confirmed that the maximum efficiency is obtained for low values of Λ  as so 
for high variation of inductance in the discharge chamber. Therefore designing a 
PPT the best performance in terms of kinetic efficiency can be achieved realizing 
a device with 0L  in the range of 5-20% of LΔ . Changing the values of Φ  there 
is a variation in maximum values that the efficiency can achieve. The absolute 
maximum is for low values of Φ  and for larger values of Φ  there is a series of 
decreasing relative maximum of the efficiency. As expected this maximum 
distribution is related with the oscillatory behavior of the current, in fact 
superimposing the level curves of the kinetic efficiency with the current and 
voltage evaluated at the ejection time a clear correlation figures out: 
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Figure&2.9:!Level!curves!of!kinetic!efficiency!(a=0.8)!and!non4dimensional!current!at!
ejection!time!
 
 
Figure&2.10:&Level!curves!of!kinetic!efficiency!(a=0.8)!and!non4dimensional!voltage!at!
ejection!time 
It is interesting to note that moving the parameter Φ  from zero to larger values 
there are a number of successive zero of non-dimensional tension and current. 
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That implies the possibility to know the number of semi-period performed by 
voltage and current during the acceleration process simply counting the number of 
zero between Φ  equal to zero to the chosen value of Φ . 
 
 
Figure&2.11:&Level!curves!of!kinetic!efficiency!(a=0.8)!and!non4dimensional!velocity!at!
ejection!time 
Observing the last figure it is interesting to note that for small values of Φ , i.e., 
less than 5, the non-dimensional velocity is pretty constant with the variation of 
the parameter Λ . This means that designing a PPT within this range of 
parameters the non-dimensional ejection velocity of the plasma is not influenced 
by the choice of the LΔ . The fact that the best efficiency score is for value of Φ  
always less than 5 implies that the best performance can be achieved for power 
supply designed to provide an acceleration time shorter or comparable to the time 
needed to perform a current half-cycle. Calculating the kinetic efficiency level 
curves in the range of mass parameter a 0 to 1 an analogous behavior is 
discovered and so previous observations are still valid. The major difference is 
that the highest values of kinetic efficiency can be achieved under the assumption 
of slug distribution of the mass (a=1) and the lower values are obtained under 
assumption of constant distribution of mass within the rail gun (a=0). 
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Figure&2.12:&Level!curves!of!kinetic!efficiency!(a=0) 
 
Figure&2.13:&Level!curves!of!kinetic!efficiency!(a=0.4) 
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Figure&2.14:&Level!curves!of!kinetic!efficiency!(a=0.8) 
 
Figure&2.15:&Level!curves!of!kinetic!efficiency!(a=1) 
Another observation is that the maximum efficiency can be achieved for small 
values of the parameters Φ  and Λ  but in any case higher than zero, also varying 
the mass parameter a. 
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Figure&2.16:&Maximum!kinetic!efficiency!with!a!
The limit to the maximum efficiency is an evidence of the presence of dynamic 
inefficiency, i.e., the inelastic sweeping process defined in the snowplow 
idealization. 
2.3.d Numerical(solution(
The numerical solution of the model has been obtained using a 4th order Runge-
Kutta explicit method. Starting from the system of two equation presented in the 
above paragraph it is useful to modify it in a system of equation of the 1st order. 
 
                                        !"
!
#
$
=−Φ+Φ
=++Ω+Λ+
0'
0
22 γξϕξϕ
γξγξγγγ


 
( 2.23 ) 
 
In order to do that I can introduce the following vector: 
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Using the vector just defined with the system of equation I obtain: 
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This system can be easily solved defining initial conditions for the vector y . 
 
 
Figure&2.17:&PPT!performance!
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Figure&2.18:&PPT!performance!
 
 
 
Figure&2.19:&PPT!performance!
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Figure&2.20:&PPT!performance!
 
 
 
Figure&2.21:&PPT!performance!
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Figure&2.22:&PPT!performance!
 
 
 
Figure&2.23:&PPT!performance!
26! Chapter!2!4!Analysis!of!various!energy!storage!circuits!on!current!discharge!
and!theoretical!performance!
!
 
Figure&2.24:&PPT!performance!
2.4 Transmission&line&
With the aim to develop an energy storage solution able to generate a current 
discharge with a defined shape I studied two alternative circuits, the transmission 
line and its discretization, the pulse-forming-network. The first alternative to 
common used capacitor bank is the transmission line. Its relevance is related to 
the fact that is a clear benefit for the efficiency of the thruster to have a right 
control of the pulse shape and length. In its basic form a transmission line (TL) 
circuit is constituted by two parallel conductors of undefined length. Usually in 
literature [14] exists two kind of approach to study the behavior of this device and 
derive transmission line equations, the first one is based on the assumption that 
electric parameters are distributed within the line (distributed constant), the 
second one (lumped constant) considers the discrete properties of the line. 
 
Figure&2.25:&Transmission!line,!distributed!constants![14]!
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Figure&2.26:&Transmission!line,!lumped!constants![14]!
 
Distributed Constants  
 
Considering an infinitesimal section of the TL of length dx, the tension and 
current values can be written as follows: 
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where Z’ and Y’ are respectively the impedance per unit length and the admittance 
per unit length. 
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In the formula R’, L’, G’, and C’ are respectively the resistance, inductance, 
conductance, capacitance per unit length and angular frequency. The derivative of 
the equations (2.26) leads to 
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if Z’ and Y’ are constant with x the above equations are simply 
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if these are function of x I can write: 
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Therefore substituting in the equations (2.28) leads to: 
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Under the hypothesis of admittance and impedance per unit length constants with 
x the solution of the system (2.31) w.r.t. voltage is: 
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Where →V  e ←V  are two function of the time constant with x and so their 
knowledge can be discovered knowing v at x=0. The general solution can be 
written assuming that →V  and ←V  are two function of the time as in the 
following: 
 
                                                    !"
!
#
$
=
=
←
→
tj
tj
evV
evV
ω
ω
2
1
 
( 2.33 ) 
 
As indicated in the index (arrows) these two voltage waves have a direction of 
motion within the TL and the tension in a point x of the line is simply a 
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superimposition of these two voltage waves. With the same approach used to 
obtain equation (2.32) the current can be written as follows: 
 
                                         ( 2.34 ) 
where  
 
                                                    
( 2.35 ) 
 
Substituting equations (2.32) and (2.34) in (2.26) and after integration I obtain: 
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Substituting now equations (2.35) within equation (2.26) it is possible to write the 
following: 
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That has to be valid for every value of x therefore both coefficients of the 
exponential functions have to be equal to zero. From this consideration it is 
possible to write the following 
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where 0Z  is the characteristic impedance of the line that can be written making 
evidence of its constituents as follows: 
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under the hypothesis of small losses the above equation can be written as follows: 
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and adding the condition of distorsionless line (GL=RC) we have: 
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Finally considering equal to zero both R and G the well-known expression is 
obtained: 
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Coming back to equation (2.37) the quantity under square root is named 
characteristic admittance ZY=γ  and in general is a complex number as it is 
clear substituting Z and Y definition: 
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As a complex number it is possible to re-write γ separating its real from its 
imaginary part: 
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The real part α  is called attenuation constant and its imaginary part β  is called 
phase constant or propagation constant. The phase velocity of the waves in the 
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transmission line is given by the derivative of the wave angle, ( )xt βω −  that is 
constant. Therefore v = dx dt =ω β . Obtaining x from wave angle relation and 
making the derivative under the hypothesis of low losses it is possible to obtain 
the wave velocity ( ) 21''CLv = . 
 
Lumped constants 
 
With reference to Figure 2.26 and considering a section of transmission line 
limited by x and x+dx it is possible to write the following equation for voltage and 
current: 
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After derivative and taking into account that ( ) ( )xittix ∂∂∂∂=∂∂∂∂  it is 
possible to write the following Telegraphers’ Equation: 
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Under the hypothesis of lossless transmission line (RC=LG) the solution of th 
system is the following, with a similar equation for the current: 
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In that equation →f  and ←f  are two function of space and time and, as in the 
previous paragraph, represent two waves that propagate in opposite direction. 
Assuming now that the line is distortionless (R=G=0) the system (2.46) can be 
written as follows: 
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these are the one-dimensional equations of electromagnetic waves where the 
velocity of propagation is assumed to be constant ( ( ) 211 LCvp = ). Considering 
now that the velocity of propagation can be written as ( ) 211 µε=pv  it is clear 
that under the hypothesis of low losses and distortionlees line µξ=LC . The 
solution of the system (2.48) is the following: 
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where 00 1 ZY =  is the characteristic admittance. Studying the behavior of a 
transmission line with characteristic impedance 0Z  connected with a load of 
impedance 0ZZL ≠ , at the load we will find LiZv = . Therefore for every value 
of the time the following equation has to be applicable on the load (from system 
(2.49) calculated at t=0): 
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re-writing the equation it is possible to find an important relation between waves 
going in different direction: 
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the coefficient that makes possible to evaluate the negative-going wave starting 
from the positive-going wave is called reflection coefficient: 
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The parameter k is defined within the range -1 to +1 corresponding respectively to 
short circuit and open circuit. In the special case of coupled load, 0ZZL = , k=0. 
The voltage and current on the load can be written as the sum of all positive and 
negative-going waves as follows: 
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where considering that →→ = iZv 0  and ←← −= iZv 0  another definition of the 
reflection coefficient can be written: 
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Working with current waves it is possible to find a similar relation that defines the 
current reflection coefficient vi kk −= . 
2.4.a Transmission(Line(with(moving(circuit(element(
As presented paragraph 2.2 the plasma sheet that is pushed-out during a firing 
cycle of a PPT can be studied, from an electrical point of view, as a variable 
inductance (considering Rplasma=0). In order to evaluate the velocity of the plasma 
sheet has been needed to define a dynamical model and a mass distribution 
equation. Only coupling circuit equation with momentum equation was possible 
to solve theoretical performance of the thruster. On the other hand it is a fact that 
the inductance per unit length and the plasma velocity are pretty constant for a 
defined geometrical and electrical configuration of the thruster (neglecting all 
losses phenomena). Starting from that point following the approach of other 
authors [14] I present a method to solve in a dimensionless form the transmission 
line equations for the case with a variable inductance that moves at constant 
velocity. The voltage measured at the terminals of a circuit with a moveable 
element is as follows: 
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dIRV φ+=
 ( 2.55 ) 
 
where φ  is the total magnetic flux threading the circuit. Due to the fact that the 
moving element is in this case an inductance, the magnetic flux can be written as 
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the product of the inductance per current. Re-writing the voltage at the terminals 
we obtain: 
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In order to obtain an expression of the power input it is necessary to multiply the 
voltage for the current as follows: 
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In the above equation of the power input there are three terms each representing a 
different power input, i.e., the first is the resistive heat loss, the second is the rate 
of change of magnetic field energy associated with the inductance, the third is the 
work done by the TL on the moving element in order to move it. It clear that the 
last term is the quantity that has to be maximized therefore a definition of 
efficiency in terms of energy ratio can be written as follows: 
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where W0 is the energy that is initially available considering a circuit without 
moving elements, I0 is the maximum peak current and LT is the initial circuit 
inductance. Considering now a transmission line with 000 2ZVI =  and 
CLZ T=0  it is clear that the system efficiency is limited by the change in 
inductance: 
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Therefore even with this efficiency definition, the efficiency value is upper 
limited by the change in inductance at the end of the acceleration process. 
Considering now a parallel rail PPT supplied by a transmission line, the moving 
inductance can be written as follows: 
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where L is the variable inductance of the thruster, ∂L ∂x is the inductance 
variation with x assumed constant and vp is the velocity of the moving plasma 
sheet assumed constant. Solving the integral the following expression can be 
written: 
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Where L0 is the basic inductance of the thruster and α is the rate of change with 
time assumed constant. Its expression can also be written as the product between 
the velocity of the current front and the inductance per unit length. Considering a 
transmission line with length l connected with the thruster, the voltage and current 
on the load, i.e. at the front of the line or x=0 , are the following: 
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Where I used the same symbols of precedent paragraph, e.g. →f
n  are the positive 
going waves of order n. In order to calculate a solution it is necessary to define 
the boundary and initial conditions at time t=0. 
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x→ l ) 
€ 
Z→∞,
€ 
k =1 ←→= VV 00  
2nd Boundary condition 
(
€ 
x→ 0) ( ) ( )LIdt
dtV −=,0
 
 
Table&2.1:&Boundary!conditions!table 
The 2nd boundary condition it is valid not only at t =0 but also for t >0 therefore it 
is useful to re-write the equation considering the definition of inductance 
presented in equation (2.61): 
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                                           ( ) ( ) IItLtV αα −+−= 0,0  ( 2.63 ) 
 
Calling δ  the one-way transit time of the line, a wave that is generated at x =0 
spend δ2  to reach the open end of the line at x =l and come back to the front of 
the line at x =0. 
After the closure of the circuit, i.e., after the firing of the spark plug, and 
considering the time between 0 to δ2  the voltage on the load can be written as 
follows: 
 
            
( ) ( ) IItLfffvvtV
nn
αα −+−=++=+= ←→→←→ ∑∑ 0010,0
 
( 2.64 ) 
 
Substituting the following expression of the current and of its derivative 
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( 2.65 ) 
 
I obtain a differential equation in the variable →f
1 : 
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00
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01 =
+
+
+
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+ →→ YtL
Vf
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Yf
αα
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( 2.66 ) 
 
where 0Y  is the characteristic admittance of the line and ←→+= ffV
00
0  is the 
initial voltage of the line. The solution of this 1st order non homogeneous 
differential equation can be found studying the equivalent equation: 
 
                                             )()(
11 tfftaf =+ →→  ( 2.67 ) 
 
where  
 
                           ( ) ( )tLY
Vtf
YtL
Yta
αα
α
+
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+
+
=
00
0
00
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( 2.68 ) 
 
and solving before the homogeneous equation and after looking for a particular 
solution of the following form: 
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( 2.69 ) 
 
The solution of equation (2.67) is therefore: 
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( 2.70 ) 
 
This is a wave generated in the point where the circuit has been closed moving in 
positive way. The time required by this wave to arrive at the end of the 
transmission line is 
€ 
δ . Once the wave reached the end of the line a new wave is 
generated 1 f←  that is equal to k ⋅ 1 f→ . The new wave moving with velocity vp  
reach the initial position after a time equal to 
€ 
δ  (2
€ 
δ  starting from t=0). 
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( 2.71 )
 
 
Considering the time interval between 
€ 
2δ  and 
€ 
4δ  following the same logic I can 
write the boundary condition equation of the voltage at the load. As in the 
previous range of time it is clear that in addition to waves n.1 I have to consider 
also waves n.2 generated by the impact of 
€ 
1 f←  on the load at x=0. 
 
   
( )
( )( ) ( )←←→→→←→→
←←→→→
++++−+++−
=++++=
fffffYffftLY
ffffftV
10210
0
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00
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αα   ( 2.72 ) 
 
Using equation (2.70) the above equation can be written as follows: 
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Resolving the differential equation it is possible to evaluate 2 f← t( )  as a function 
of previous waves. Each wave once generated continues to run and remains 
dependent of all previous generated waves. The previous equation written for the 
wave 2 is valid also for the generic wave number n considered in the relevant 
interval 2n− 2( )δ < t < 2nδ : 
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Therefore it is possible to write the solving system to evaluate the circuit electric 
properties when a movable load is connected: 
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0 f→ + 0 f← =V0
n f
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∑
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( 2.75 ) 
In order to evaluate scaling properties of the circuit it can be useful to have the 
system in a dimensionless form so defining the following entities: 
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The system can be re-written as follows: 
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( 2.76 ) 
The system (2.76) can be solved using numerical techniques as 4th order Runge-
Kutta method. In the following a series of plot for different matching conditions: 
 
 
Figure&2.27:&PPT!electrical!characteristics!with!TL!storage!solution 
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Figure&2.28:&PPT!electrical!characteristics!with!TL!storage!solution 
 
Figure&2.29:&PPT!electrical!characteristics!with!TL!storage!solution 
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Figure&2.30:&PPT!electrical!characteristics!with!TL!storage!solution 
 
Figure&2.31:&PPT!electrical!characteristics!with!TL!storage!solution 
In order to remove the hypothesis of constant plasma velocity the momentum 
equation should be added to the system (2.75). In this case each f-wave is a 
function not only of all previous f-waves but also of the plasma sheet velocity that 
is a function of the current discharge. This means that within each time interval of 
2δ all waves have to be re-calculated. 
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2.5 Pulse&Forming&Network&
Another alternative to the capacitor bank power supply is the Pulse-Forming-
Network (PFN) [15]. It is a network constituted by inductances and capacitances in 
parallel or series connection. It is able to store energy and to generate a desired 
current discharge shape on the load. With respect to the transmission line the 
physical dimensions of the circuit are reduced. As for the transmission line the 
idea is to provide the thruster with a pretty constant current. This fact should have 
beneficial effects on dynamic plasma processes and consequently on thruster 
performance. 
2.5.a PFN(derived(from(Transmission(Line(
The transmission line is physically constituted by distributed rather than lumped 
parameters. Therefore a network having a limited number of capacitance and 
inductance cannot exactly simulate that device. Anyway increasing the number of 
element in the circuit it is possible to improve the simulation and to obtain a good 
approximation of the behavior of a transmission line. The use of capacitors and 
inductances will generate some oscillations and overshoots especially at the 
beginning and at the end of the pulse, this fact should be kept in mind during the 
design of a device like that. In order to design and realize a PFN there are two 
basic approach to the problem. The first one is the network derived by Rayleigh’s 
principle, the second one is the network derived by Guillemin’s Theory. The basic 
concept of the Rayleigh’s principle is that a physical problems involving 
distributed parameters can be studied by partial differential equation while 
lumped parameters problems can be studied with ordinary differential equations. 
Considering now that a partial differential equation may be derived by a infinite 
set of ordinary differential equations, it is obvious that limiting the number of 
equations lead to an approximation of the physical problem. The practical 
realization of a network of this kind can be done as presented in the following 
scheme: 
 
 
Figure&2.32:&PFN!Network,!Rayleigh!theory 
 
This network can be studied in terms of current and voltage with the following 
equation (valid for the generic γ mesh): 
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( 2.77 ) 
 
The generic solution of this equation can be written as follows: 
 
                                                ( )
θθ rr
r BeAesi
−+=  ( 2.78 ) 
  
where A and B are two constants that can be derived from the first and the last 
mesh equation. This kind of approach is physically plausible but there are a 
number of problems as overshoot, oscillations, etc. due to the fact that the 
approach attempts to reproduce a discontinuous pulse (square wave) with a 
lumped parameter network. The second one is the network derived by 
Guillemin’s Theory. The basic difference is that Guillemin argued that is an ideal 
rectangular wave cannot be reproduced, a wave with finite rising and falling time 
should be selected as the theoretical pulse shape to be reproduced. 
 
 
Figure&2.33:&Trapezoidal!and!parabolic!rise!and!fall!current!wave,!Guillemin!theory 
The current that flow on the load can be write as follows: 
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( 2.79 ) 
 
where I is the intensity of the pulse and b are the coefficients of the Fourier series: 
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For the trapezoidal wave the current can be written as follows: 
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For the wave with flat top and parabolic rise and fall the current can be written as 
follows: 
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Going now to evaluate the parameters needed to generate the desired steady-state 
waveform I consider the circuit like the one in the following scheme that 
represent each single element of the Fourier series (sine wave of amplitude and 
frequency ): 
 
Figure&2.34:&LC!circuit!with!generator 
The current that flows within the circuit is the following: 
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Matching now the coefficients of the Fourier series with the coefficients of this 
current equation I can write: 
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( 2.84 ) 
 
Where lNN IVZ =  is the characteristic impedance of the network. Once the 
value of L and C are known for each mesh, the resultant network required to 
simulate a given wave shape is as follows: 
 
 
Figure&2.35:!PFN!network!with!series!elements 
The values of νb , νL  and νC  are function of the chosen theoretical wave pulse 
to reproduce. In the following table a summary of the values to use: 
  
Wave&shape& bν & Cν & Lν &
Rectangular& νπ
4 &
4
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⋅224 &
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&
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Wave&shape& bν & Cν & Lν &
Flat&top&and&
parabolic&rise&
and&fall&
4
νπ
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& ( ) ( )[ ]222 22sin
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&
Table&2.2:&Coefficients!table!for!Guillemin4derived!network 
As in the previous kind of network increasing the number of mesh the 
reproducibility of the pulse shape is increased (going to practical realization 5 to 7 
rings are enough to guarantee a good current behavior). In addiction this kind of 
network make possible to have a better control of the rising time. On the other 
hand the network that I have derived is constituted by parallel LC sections, this is 
in practice less convenient to be realized due to coupling effect between 
capacitors and inductances and due to the fact that in this way each capacitor have 
a different value of capacitance. In the following some graphical results form the 
theory (for 5 and 15 sections): 
 
 
Figure&2.36:&Current!shape!with!trapezoidal!rise!and!fall 
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Figure&2.37:&Current!shape!with!parabolic!rise!and!fall 
2.5.b Equivalent(networks(
As discussed in the previous paragraph it should be useful to build a PFN with a 
different displacement of L and C, for example a PFN with equal capacitors 
should be cheaper and more reliable. From a mathematical point of view two 
pulse forming networks are equivalent if they have the same impedance or 
admittance. In the following I present the general approach that have to be used in 
order to obtain an equivalent network with different L and C displacement [16]. 
The best way to realize this purpose is to start with a network like the following 
(Cauer’s Extension and Foster’s Theorem): 
 
 
Figure&2.38:&Network!yielding!a!continued4fraction!impedance!function 
The expression of the impedance function of a network like the one presented 
above is the following: 
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The impedance of a network like this can also been written using the following 
general relation: 
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where the numerator is a par function of s and the denominator is an odd function 
of s. A polynomial expression like this can be re-written in terms of its zeros and 
poles. With to purpose to evaluate the components of the impedance function 
schematized in the above picture the following procedure can be followed: 
 
- I name respectively P and Q the numerator and denominator of the 
general expression of the impedance; 
- I calculate 1a  as the ratio between α2n and β2n-1; 
- I re-write the impedance function as follows: 
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where P’ is the numerator of the impedance function without the highest 
term in s and so a polynomial of 2n-2 grade; 
 
- the procedure can be repeated obtaining the following: 
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where Q’ is the denominator of 2n-3 grade; 
 
50! Chapter!2!4!Analysis!of!various!energy!storage!circuits!on!current!discharge!
and!theoretical!performance!
!
- the procedure can be repeated up to obtain bns; 
 
It is now clear that the general expression of the inductance has been re-written in 
terms of kk zsa =  and kk ysb = . Due to the fact that ωjs = , it is clear that kz  
is the value of an inductance of intensity ka  and that ky  is the value of a 
capacitance of intensity kb : 
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The scheme of the network can be re-drawn as follows: 
 
Figure&2.39:&Derived!equivalent!network 
All elements needed to realize the equivalent network are available, in fact the 
admittance of the starting network (with parallel capacitors and inductances) can 
be written as follows: 
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And consequently I can write the impedance function as follows: 
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This expression is congruent with the general impedance expression. This means 
that it is possible to apply the presented procedure and to derive the values of 
capacitance and inductance needed to build the equivalent network. 
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2.5.c Pulse(forming(network(with(moving(circuit(element(
The advantages of this kind of circuit are summarized in the following: 
 
• The current pulse discharge can be designed to have a specific length and 
the intensity is almost constant 
• When a circuit has been realized it is possible to modify some network 
parameters in order to match better with the thruster 
 
PFN discharge on a constant load 
 
The thruster is in this case considered to be a load with constant impedance Z, just 
to make an example the PFN is constituted by 5 LC parallel network. I have 
calculated the solving equation for this network considering that for an higher 
number of network the approach is the same. 
 
Figure&2.40:&Five!ring!LC!parallel!network! 
Whit reference to the presented scheme the relations between voltage and current 
can be written. The voltage drop can be written as follows: 
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that are derived directly by inductance definition. The current flowing in each 
network can be written as follows: 
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that are derived directly by capacitance definition. Using the current relations 
with voltage relations it is possible to write the following differential system of 
equations: 
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I solved this system of differential equations using a Runge-Kutta method of the 
4th order. In order to solve the system is useful to define the following vector:  
 
][ 5544332211 eeeeeeeeeey =  
 
After writing new software to solve the system I obtained the following plots: 
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Figure&2.41:&PFN!discharge!on!load 
 
Figure&2.42:&PFN!discharge!on!load 
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Figure&2.43:&PFN!discharge!on!load 
PFN discharge on a constant load (with resistance) 
 
Considering now that each wiring has a resistance it should be useful to consider 
a real PFN where I added a series resistance on each line. 
 
Figure&2.44:&Five!ring!LC!parallel!network!with!resistance 
Whit reference to the presented scheme the relations between voltage and current 
can be written. The voltage drop can be written as follows: 
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Those are derived directly by inductance definition. The current flowing in each 
network can be written as follows: 
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( 2.96 ) 
 
Those are derived directly by capacitance definition. Using the current relations 
with voltage relations it is possible to write the following differential system of 
equations: 
 
  
e1 = −
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( 2.97 )
 
 
Similar to the previous stage I solved this system of differential equations using a 
Runge-Kutta method of the 4th order. Considering inductance series resistance, 
capacitor series resistance and wiring connection of few centimeters, 
representative values of resistance are in the order of 
€ 
mΩ . After writing new 
software to solve the system I obtained the following plots: 
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Figure&2.45:&PFN!discharge!on!load,!with!resistance 
 
 
Figure&2.46:&PFN!discharge!on!load,!with!resistance 
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Figure&2.47:&PFN!discharge!on!load,!with!resistance 
 
PFN discharge on a variable load 
 
Considering now that the load is a variable impedance, I’m studing the case 
where the PFN is connected to a PPT. In this case under the hypothesis that the 
velocity of the plasma sheet is pretty constant I can write the following: 
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With this expression of the load impedance I have to change the governing 
equation at the load terminals with the following:  
 
                                  11110 IIZItIe ααα +=⋅+⋅⋅=

 ( 2.99 ) 
 
Substituting the current and the derivative of the current as calculated in the 
previous paragraph I obtain the following: 
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This is the only change that has to be done in the solving system in order to 
evaluate the behavior of a PFN on a variable load. After writing new software to 
solve the system I obtained the following plots: 
 
 
Figure&2.48:&PFN!discharge!on!a!variable!load 
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Figure&2.49:&PFN!discharge!on!a!variable!load 
 
Figure&2.50:&PFN!discharge!on!a!variable!load 
PFN discharge on a variable load (with resistance) 
 
Considering now that each wiring has a resistance it should be useful to consider 
a real PFN connected with a variable impedance load when when a series 
resistance is added to each line. As in the previous paragraph the only change that 
has to be done to the solution system is to modify the relation expressing the 
voltage drop on the load. The relation has to be re-written as follows: 
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!Chapter!3!4 Ablation)analysis!
Following the approach proposed by other authors [20] I developed and solved a 
model to investigate the ablation phenomenon in PPT. The considered geometry 
of PPT is the coaxial one with radial feeding of Teflon propellant as in the 
following picture: 
 
Figure&3.1:&Schematic!of!the!problem!geometry 
The model that I’m going to present should be a good starting point to investigate 
the first and more relevant part of the ablation process of a parallel rail PPT, i.e. 
the time between the ignition and the moment the plasma sheet starts to be pushed 
out under the Lorentz force. From literature this time is about the time needed to 
the current to achieve its maximum value in terms of intensity and so a time 
between 2 and 4 µs. The following constitutes the physics under the model: 
 
• Plasma heating 
• Heat exchange between plasma and propellant 
• Sublimation and ionization of propellant 
• Electro-thermal acceleration of plasma up to the local sound speed at the 
control volume boundary 
 
During the current discharge the plasma is heated due to Joule effect and is cooled 
principally by radiation and convection of plasma particles toward electrodes, 
propellant and surrounding ambient. The propellant surface is heated by 
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interaction with plasma and suddenly its sublimation temperature is reached. At 
that temperature start the ablation phenomenon. The model works on a control 
volume that is near to the propellant surface. The following hypothesis are 
considered: 
 
• The plasma is in local thermodynamic equilibrium (LTE), this hypothesis 
is supported by other investigation [25] (this means that Ti=Te=Tplasma) 
• The plasma is quasi-neutral 
• The current discharge is uniformly distributed within the control volume 
and the anode surface is covered by the plasma 
 
I assume that on the anode there is a potential drop that makes equals the current 
flowing within the circuit and the current of electrons. The voltage drop can be 
expressed as follows: 
 
                                                 ( 3.1 ) 
 
where the temperature is expressed in eV, Ith is the random electron current of 
electrons and I is the current supplied by the energy storage system. The random 
electron current can be evaluated using the following formulae: 
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where ne, me and e are respectively the density of electrons at the anode-plasma 
interface, the mass of the electron and the charge of the electron. Even near the 
propellant surface there is a similar potential drop and can be expressed with the 
following: 
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where Ii is the current of ions and can be evaluated with the following: 
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where Zi is the charge number, mi is the ion mass and L is the length of the 
control volume. Under these hypotheses I can write the electron energy balance 
equation in the quasi-neutral plasma sheet: 
 
€ 
3
2 ⋅ ne ⋅
dT
dt =
j 2
σ
− A⋅ Zi2 ⋅ ne ⋅ ni ⋅ T
1
2 ⋅ 1+ χg( ) − jL ⋅ 2⋅ T +Ua( ) −
2⋅ jd
Ra
⋅ 2⋅ T +Ud +T( )
 ( 3.5 ) 
 
where the first term at the right is the plasma heating by Joule effect, j is the 
current density, σ is the plasma conducibility and jd is the current density of ion 
near propellant surface. The second term represent the energy loss by radiation, A 
is a constant equal to 1.6x1038, ni is the ion density and χg=Eg/Te with Eg the 
energy of the low excited state. The third term represent the energy loss by 
convection of electrons toward the anode. The last term represent the energy loss 
by convection of ions toward the propellant. In order to calculate the temperature 
of the propellant surface it is possible to use the heat transfer equation 
(considering the mono dimensional form along x, in fact the plasma column in x 
direction is very lower than other dimensions y and z): 
 
                                                    
€ 
∂Tt
∂t = a⋅
∂2Tt
∂x 2  ( 3.6 ) 
 
where a is the thermal diffusivity. The presented equation has to respect the 
following boundary conditions: 
 
!!!!!!!!!!!!!!!!!!!!! −! ∙
!!!!" !!! = ! ! − ∆! ∙ Γ − C! ∙ T! − T! ∙ Γ!−! ∙ !!!!" !!! = 0!!! !, 0 = !!!!!!!, !! ∞, ! = !!!!
 ( 3.7 ) 
 
where the first term ! ! = !!"#_!"# + !!"#$_!"# ∙ !!!!! is the density of the heat 
flux that can be obtained by eq. (3.5), the second term is the product of the 
ablation heat per ablated flux and corresponds to the energy losses by ablation 
process, TS is the Teflon surface temperature and T0 is the room temperature. 
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Figure&3.2:&Schematic!of!interaction!between!Teflon!surface!and!plasma 
The temperature of the propellant surface Ts can be evaluated considering that the 
ablation phenomenon can be studied considering two different stages. The first 
stage is less characterized by energy losses connected with decomposition and so 
this term can be neglected in the energy balance. In this case the temperature 
within the propellant can be approximated with the following equation: 
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !, ! = !! + ! ! ∙! !!! ∙ 1 − !! ! ( 3.8 ) 
 
where c is the thermal conducibility. The thickness of the heated propellant sheet 
is the following: 
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! ! = !"!!∙!!∙! ! ∙ ! !! !!!!! ! ! ( 3.9 ) 
 
Rewriting the temperature equation the following approximate solution can be 
obtained (valid up to the temperature reach the critical propellant temperature, 
usually 1-2 µs) [22]: 
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After the surface reaches the critical temperature, the propellant decomposition 
associated with the ablation phenomenon becomes significant and cannot be 
neglected within the energy balance. In this stage the temperature profile can be 
well described by the following equation [23]: 
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Using this relation within the heat transfer equation, the temperature of the 
propellant surface can be calculated: 
 
                                         !! = !!! + ! !!∙!∙!! − !!!∙!! ( 3.12 ) 
 
In order to evaluate this temperature it is needed to evaluate the ablation flux, Γ, 
that is related to the equilibrium pressure of the propellant. Once the surface 
temperature is known the equilibrium vapor pressure scales in an exponential way 
with temperature: 
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!
where PC and TC are respectively the characteristic pressure and temperature 
values for the material; TS is the surface temperature. For Teflon, PC =1.84*1015 
N/m2 and TC  = 20815K [19].!
!
!
Figure&3.3:&Teflon!equilibrium!vapor!pressure!
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Therefore once the equilibrium pressure is known it is possible to use the 
Langmuir law to calculate the ablation flux: 
 
                                             
Γ = P ⋅ mi2 ⋅π ⋅κ ⋅Tg  ( 3.14 ) 
 
where Tg is the temperature of the gas. Under the hypothesis of thermodynamic 
equilibrium within the plasma, it is possible to assume that the gas temperature is 
equal to the plasma temperature. In addiction the gas temperature near to the 
propellant surface should be equal to the propellant surface temperature and so 
the ablation flux can be re-written as follows: 
 
                                             
Γ = P ⋅ mi2 ⋅π ⋅κ ⋅Ts  ( 3.15 ) 
 
From this relation is possible to obtain the total mass of dielectric material ablated 
during a pulse. In fact integrating this relation it is possible to write the following: 
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! ! = !!"#!$%%&'( Γ ! !"!!!  ( 3.16 ) 
 
Known the equilibrium pressure and the electron temperature it is possible to 
calculate the chemical plasma composition [20]. In this situation the electron 
temperature range is in the order of 1-2 eV. With these conditions the polyatomic 
molecules that constitutes the propellant (in this case C2F4) are completely 
dissociated and so the gas can be studied as composed only by C and F. The 
conservation of nuclei equation for the Teflon can be written as follows: 
 
                                             
€ 
2⋅ nC + nC+( ) = nF + nF+  ( 3.17 ) 
 
where nC and nF are the density of neutrals and nC+ and nF+ are the density of ions. 
Due to the fact that I assumed to be valid the LTE, the density of the electrons, 
ions and neutrals are related with the plasma temperature as in the following 
equations: 
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!∙!!!!!! = ! ∙ !!!! ! ∙ !!!! ! ∙ !"# − !!!! !" = !!  ( 3.18 ) !!!!!!!!!!!!!!!!!!!!!!!!!!!!!∙!!!!!! = ! ∙ !!!! ! ∙ !!!! ! ∙ !"# − !!!! !" = !! ( 3.19 ) 
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where B  is a constant, ! = 2 ∙ !∙!∙!!∙!!! ! ! with h the Planck constant and k the 
Boltzmann constant (considering the SI, the value of B is 4.8261 x 1021    !"!∙!∙!! ! ! ). IC and IF are the ionization potentials of C and F. T is the plasma 
temperature and gi,j are the statistical weights of ions and electrons that are 
defined as in the following [26]: 
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where Te is the plasma temperature, Gi,j are constants and Ei,j are the energy levels 
of the i-stage of the j-specie. In addiction to the presented equations the quasi-
neutrality condition can be written: 
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! = !!! + !!! = !! ( 3.20 ) 
 
The heat that reaches the propellant surface during the current discharge pulse is 
accumulated in a thickness δ. The cooling phase of the propellant starts after the 
conclusion of the discharge. During this phase the propellant temperature can be 
estimated by the following[20]: 
 
                                      
Ts = T0 +
tp
t
!
"
#
$
%
&
0.5
Tsp −T0( )
 ( 3.21 ) 
 
where the Tsp is the surface propellant temperature at the end of the current 
discharge. The presented set of equations get me the possibility, under the defined 
hypothesis, to estimate the plasma parameters, the Teflon surface temperature and 
the ablation ratio. To validate the model I introduced as input parameter the 
linearized current of a previous PPT (the PPT-4 [19]) and evaluated the plasma 
parameter to be the following: 
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Figure&3.4:&Plasma!temperature!with!time 
 
 
 
 
 
Figure&3.5:&Electron!density!with!time 
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Figure&3.6:!Teflon!surface!temperature!with!time 
The presented values are coherent with results presented by other authors [20]. 
With the purpose to obtain an instrument to predict the plasma density, the Teflon 
surface temperature and the mass ablated per shot even with a parallel rail PPT I 
modified the model acting on geometrical properties of the control volume and 
considering the potential drop at the cathode. The limitation of this model when 
used with a PPT in parallel rail configuration is related with the length of the 
electrodes that should be reasonably short in order to maintain a continuous heat 
exchange between the Teflon surface and the discharge chamber. It is evident that 
if the length of the electrodes is relevant (>1cm), the effects of a moving plasma 
sheet become relevant and the model is able to predict what happens only during 
the first phase of the thrust cycle (up to about 2-3 µs) when the plasma is close to 
the propellant surface. An example of the application of the model to calculate the 
ablated mass is presented in the chapter 6. 

!Chapter!4!4 Thruster(design!
4.1 Introduction&and&3D&modeling&
The principle of operation of an ablative pulsed plasma thruster is described in the 
following. When a high voltage electrical discharge occurs near the surface of the 
propellant the Teflon molecules are ablated and ionized from the discharge itself 
going to constitute the plasma. Near the Teflon surface exist now a discharge 
chamber where interactions are in place between the propellant surface, the 
increasing plasma sheet, the electrodes and the surrounding ambient. As product 
of the dissociation of C2F4 molecules a number of chemical compounds are 
present (C+, F+, etc.). In a parallel rail PPT the electrical discharge is ideally 
perpendicular to electrodes and the Lorentz force BJ

∧  acts in the axial 
direction pushing out the plasma column. Gas-dynamic forces due to thermal 
expansion of the gas are also present but they are little with respect to the Lorentz 
Force. In order to verify the validity of the presented model and with the aim to 
investigate on the difficulties associated with the design and manufacturing of a 
PPT I designed and manufactured a thruster. The designed configuration permits 
to modify the configuration for example of the electrodes with simple operations 
or the position of the spark plug tip with respect to the discharge chamber. As 
support to the design activities I used the 3D software ProE. A capacitor bank for 
main energy storage, a couple of electrodes, a feeding system, an ignition system 
and a Teflon bar constitute the essential of the designed thruster. 
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Figure&4.1:&3D!rendering!of!the!PPT 
 
 
Figure&4.2:&3D!rendering!of!the!PPT 
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Figure&4.3:&3D!rendering!of!the!PPT 
The basic steps of the PPT firing cycle are described in the following: 
 
• the 15 µF capacitor bank is charged to desired voltage (from 1.6 to 4 kV 
or 20 to 120 J) 
• the spark plug capacitor discharge initiator (CDI) circuit is charged  
• the CDI is triggered and a spark is generated on the semiconductor spark 
plug (about 700 V on the spark plug) 
• a number of particle are now present between electrodes due to spark 
• an electrical breakdown happens in front of the solid propellant fed by 
the energy stored in the capacitor bank (9 to 25 kA) 
• solid propellant is ablated and particles ionized by the main discharge 
• the plasma in accelerated within the channel under to action of the 
Lorentz Force. 
 
In appendix A I attached the drawings used to manufacture the thruster. The raw 
materials used to realize the PPT are the following: 
 
• electrodes: OFHC copper plates for both electrodes (thickness 5mm, 
Cu@99.95%) 
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• insulator: boron nitride plate (thickness 7mm, AX05 grade) 
• screws insulators: boron nitride rod (diameter 12mm) 
• propellant: virgin Teflon rod (diameter 41mm, ElringKlinger HS 22211) 
• spring support: peek 
• various body parts: aluminum 6061 
 
After investigation on literature on the state of the art of PPT design [27], [28] I 
decided to realize a PPT with flared and tongue shaped electrodes. With respect to 
the simple parallel rail configuration there is an increase on performance due 
essentially to a higher inductance per unit length (in Chapter 2 - I demonstrated to 
be a limiting factor for the efficiency) and a higher thermal force contribution 
(due to gas expansion). With α and β defined as in the following: 
 
 
Figure&4.4:&Electrodes!geometry 
The values that I chose for my thruster are: α = 20° and β = 15°. Whit these values 
the inductance variation along the thruster axis x is as follows: 
 
 
Figure&4.5:&PPT!inductance!vs.!length!(parallel!and!flared!+!shaped!configuration) 
α 
β 
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In the picture above I plotted in red the thruster inductance with distance for 
flared and shaped electrodes and in black the corresponding thruster inductance 
with distance for the parallel plate configuration. Going now to give an estimation 
of expected performance in terms of ablated mass, it is known that once the 
geometry is defined, the amount of used Teflon is related to the energy stored 
within the power supply [29]. With reference to the following table where a 
summary of performance of most PPT is reported (with reference to breech-fed 
PPT and range of energy between 20 to 43 J) the expectation is that the thruster 
will use an amount of propellant within the range 30 to 56 µg/shot @ 20 J. 
 
Figure&4.6:&Thrust!and!mass!ablation!characteristics!of!various!PPTs![19] 
4.2 Feeding&system&and&configuration&
After review of the literature, I propose in the following a summary of all 
configurations that can be used to feed a PPT. Special attention is posed on the 
way how the propellant is lead to the discharge chamber and on the shape of the 
propellant surface that influences the exposed area. With reference to parallel rail 
PPT the following configuration can be used:  
 
BREECH FED 
                     
SIDE FED 
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OBLIQUE FED: 
           
 
With reference to coaxial PPT the following configuration can be used: 
 
BREECH FED 
 
 
RADIAL FED 
 
         
Figure&4.7:&Various!PPT!configurations 
Some of presented configurations have been tested and the impact, e.g., of the V 
shape configuration on a parallel rail PPT has been evaluated [3]. The main 
outcome of these analyses is that a possible way to increase the thruster 
performance is to increase the area of propellant near the electrical discharge. On 
the other hand the complication in the design and feeding system requested by 
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these options have to be considered before to follow this way. For my experiment 
I chose the breech feed configuration with a negator spring called to maintain the 
propellant in the right position near the discharge chamber. The negator is a 
constant force spring able to push the propellant always with the same force. 
After simple consideration on forces acting on the propellant bar when inserted in 
the thruster I decided to buy a negator able to generate a force of 0.2 Kg. I found 
at MISUMI a commercial product compliant with my specifications. The negator 
requires a mechanical interface in order to push the Teflon and so I designed a 
dedicated mechanical interface equipped with a series of holes to permit fine 
adjustment during the assembly phase. 
 
 
Figure&4.8:&PPT!feeding!system 
4.3 Electrical&considerations&
The electrical insulation in vacuum ambient is easy to be realized if it is possible 
to guarantee a certain distance between two parts at different potential due to the 
fact that the vacuum is a very good insulator. The problem of insulation loss can 
appears due essentially to the following: 
 
• Clearance: the clearance is defined as the shortest distance through the 
mean between two conductive elements. It is important that between two 
conductors at different voltage a certain minimum distance is respected. 
This means that particular attention has to be posed not only in the design 
of the geometric configuration but also at any possible cause of 
outgassing or any other gas production process. Designing the thruster I 
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used as working rule 6 kV/mm, this is a value considered conservative in 
designing devices for space application. 
 
 
Figure&4.9:&Clearance!4!schematic!representation 
• Creepage: the creepage is defined as the shortest distance on the surface 
of an insulating material between two conductive elements. Designing the 
thruster I used as working rule 0.5 kV/mm, this is a value considered 
conservative in designing devices for space application. 
 
 
Figure&4.10:&Creepage!4!schematic!representation 
In order to realize the connection between the anode and the main structure (that 
is at the same potential of the cathode) I designed the following connection, 
realized entirely with ceramic material (see Appendix A - for details): 
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Figure&4.11:&Representation!of!anode!connection!to!aluminum!central!body 
Due to the fact that is a good rule to know the potential of each conductor I 
decided to put the connection screws between the central structure and the anode 
at the same potential of the anode. That’s why in the picture there are parts n. 8 
and 10 devoted to cover the heads of the screws and to reduce the creepage risk. 
4.4 Spark&plug&support&
A limiting factor in the placement of the spark plug has been the diameter of the 
spark plug, in fact this is a commercial part not designed for this specific 
application. The diameter of the tip of the igniter is 12 mm. This igniter has been 
designed and manufactured by TESI srl (Italian manufacturer) for industrial 
burners where huge pressure drop exist between the tip and the rear of the igniter, 
that’s why this part is so massive. Anyway I realized a support for this spark plug 
able to sustain the part and to give the possibility to modify the position of the tip 
with respect to the discharge chamber. In the following a picture of the central 
structure of the thruster during machining: 
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Figure&4.12:&Aluminum!central!body!during!machining 
In the following a picture with all the parts constituting the PPT after cleaning 
with degreaser in ultrasonic bath and before assembling: 
 
 
Figure!4.13:!PPT!parts!after!cleaning 
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In the following a picture of the thruster assembled and ready to be placed within 
the vacuum chamber: 
 
 
Figure&4.14:&PPT!assembly!before!to!be!mounted!in!vacuum!chamber!
4.5 Mass&Budget&
Before to assembly the thruster I measured each component in order to obtain a 
clear picture of the total thruster mass and distribution (without capacitor bank 
and handling). In the following table the measured values: 
 
Object Mass [g] 
Teflon bar 118,89 
Anode 108,88 
Cathode 93,49 
Main insulator 52,19 
Central body 84,15 
Negator 12,37 
Negator support 13,96 
Screw insulators 11,32 
Spark plug 214,8 
Spark plug support 50,48 
Screws 15,14 
Interface with vacuum chamber 88,23 
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The total mass of the thruster is about 775 g plus 88 g for the interface with the 
vacuum chamber. The impact of the spark plug mass on the total mass of the 
thruster is in the order of 28% and so unquestionable improvement can be 
achieved with an improved and dedicated design of this element. The propellant 
mass is about the 15% of the total thruster mass. This is not a little value but it 
should be kept in mind that 118 g of Teflon can ideally permit about 2.5 million 
of discharges. 
 
 
!Chapter!5!4 Experiment!
5.1 Test&setup&and&displacement&
The rationale that I used to test the thruster can be summarized in the following 
scheme: 
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In the left side of the scheme there are all electronic devices required to drive the 
thruster firing process from the charging of the capacitor bank to the electrical 
discharge and required to record data input from diagnostics. In particular I used a 
PC equipped with LabView, a DAQ PCI card with multiple input/output and an 
oscilloscope (Tektronix DP04104). In the middle of the scheme there is all the 
electronic needed to charge/discharge the capacitor bank and to fire the thruster. 
In addition to electric circuits that I realized for the experiment there are two 
electronic devices that I used as is: the capacitor charging hardware (FUG HCN 
700-20000) and the spark ignition hardware (TESI XEC03H). In the right side of 
the scheme there are current and voltage probes, the vacuum chamber with 
feedthroughs and finally the thruster. 
5.1.a PC(and(Software(
In order to manage and drive the thruster and all the diagnostics I designed a 
LabView program able to drive the electronic circuits with all connected devices 
and to store in a defined folder all data acquired by current and voltage probes. 
The rationale that I used can be represented in the following flowchart: 
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Figure&5.2:&Flowchart!of!PPT!thrust!cycle 
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The firing cycle start with the PC in standby mode, before to push the starting 
button it is possible to set the following  
 
• number of repetitive shots 
• capacitor voltage (VC) 
• current provided by the FUG (IC) 
• number of data channel to acquire and save 
• duration of commanded switches and waiting time 
• channel for triggering at oscilloscope level and threshold values 
• channel for triggering at PC level and threshold values 
 
When the start button is pushed all switches are placed in operation mode, the PC  
send to the FUG the selected values of voltage and current, the separation switch 
is then closed for a defined amount of time and the capacitor bank is charged. The 
separation switch is open and the FUG is set in standby mode. At that time the 
thruster is ready to shoot. The ignition switch is closed and the igniter power 
supply feeds the spark plug. When the spark is produced the main discharge 
occurs and the firing process starts. After completion of the cycle the thruster is 
ready to restart the cycle if repetitive shots are required. In case of failure of the 
ignition system I foresaw the possibility to perform multiple trial at ignition level 
before to discharge the capacitor bank in the safety circuit. In the following a 
screenshot of the designed Labview software: 
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5.1.b Ignition(system(
At the incipit of each cycle the spark plug is ignited. This is a very important step 
for the PPT. The ignition system is formed by a spark plug and a power supply. 
The technology that I chose selecting the igniter is the semiconductor spark plug. 
In this kind of igniter two conductive metals are separated by a semi conductor 
that permits the current to flow when a specific voltage drop is applied. With 
respect to standard spark plug the main difference is that the breakdown voltage is 
lower (usually 1000V against 12000V) and not influenced by ambient conditions. 
In literature it seems that Unison and Primex are the first choice for this kind of 
device [19]. After research I found in Italy a supplier able to provide a 
semiconductor spark plug of this kind, its name is Tesi Group srl. They design 
and manufacture ignition systems for industrial burners and turbines. I bought a 
commercial model of spark plug. The littlest available spark plug was a 12mm 
diameter (high energy spark plug, model E21, tip HEM 12). 
 
 
Figure&5.4:!Semiconductor!spark!plug 
The spark plug tip consists of two cylinder realized in AISI 316 separated by few 
millimeters of zirconium oxide (semiconductor). This kind of spark plug is 
usually ignited by a dedicated power supply triggered at the moment the spark is 
required. The commercial model suggested by the supplier to be used with this 
spark plug model is the Tesi XEC03H, a CDI able to provide 1000Vdc / 3J 
charging a 4µF capacitor. This device was available at Alta laboratories coming 
from a different research activity so I decided to use it for my experiment. 
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Figure&5.5:&Discharge!ignition!module 
Input Voltage: 115-230V 50/60Hz 
Output voltage: 1000 V dc 
Capacitor: 4 µF 
Available power/spark: 3J 
Spark rate: 2 spark/s 
Power consumption: 50W 
 
This CDI is able to work with a duty cycle of 33% and the duration of the 
capacitor discharge is less than 2 µs as declared by the supplier. Whit this device 
the maximum firing frequency that can be achieved is 2Hz. As briefly described 
above the main role of the ignition system is to generate a little discharge near to 
the plasma surface and provide free electrons. This initial discharge causes 
propellant sublimation (few micro-g) and so mass between electrodes. This makes 
possible to activate the main discharge (using the energy stored in the main power 
supply unit). Due to the geometry of the spark plug tip it is not possible to know 
where the spark will happen. This fact can be responsible to little differences 
between a shot and another. Anyway the energy and the mass that is provided by 
the ignition system it is low compared with main discharge energy and so the 
impact should be negligible. The effect on performance due to spark plug position 
has been analyzed during the execution of the experiment. 
 
Ignition circuit 
 
I designed an ignition circuit able to command all devices in order to generate a 
spark when requested. The circuit is composed by the spark ignition box and the 
spark igniter. The Tesi XEC03H is designed to generate 2 sparks/s in a 
continuous manner when connected to a 220V line so I designed the ignition 
circuit to supply energy to XEC03H for a defined amount of time. In particular 
due to the fact that the best I can do is about f = 0.3 Hz (considering the time 
needed to charge the capacitor bank and the time spent by PC to generate 
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commands) I decided to give to the XEC03H a window of 500 ms sufficient to 
generate a spark. In fact for the purpose of my experiment it is irrelevant to have 
an accuracy better than 500ms in the definition of the time when the spark occurs. 
The most important thing is to have data acquisition starting from spark ignition 
without care of the placement of this event in the time scale. In order to supply the 
XEC03H I used a circuit as in the following scheme.  
 
 
Figure&5.6:&Schematic!representation!of!ignition!circuit 
The circuit is composed by a relay with a fly-back diode in parallel that gives me 
the possibility to command a spark with an input signal of 5V, provided by the 
PC. In order to obtain a better control in terms of ignition time and so an higher 
firing frequency, the design of a spark igniter should be considered. 
5.1.c Safety(circuit(
I designed a safety box taking into account two main targets: 
 
• to protect all electronic devices used to charge the capacitor bank 
• to protect laboratory personnel from high voltage 
• to decouple all electronic devices from the capacitor bank during thruster 
firing 
 
The safety circuit is essentially composed by the diode box, the separation relay 
and the safety box. The main task of the diode box is to protect the charging line 
(+) coming from the FUG (with the series diode) and to avoid any current return 
in case of failure of the separation relay (with parallel diode). 
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Figure&5.7:&Schematic!representation!of!safety!circuit 
Both diodes are high voltage and fast recovery. I bought these diodes specifically 
for the experiment. The rationale under the choice was essentially the possibility 
to withstand a voltage difference of at least 3kV, a little reverse recovery time and 
the capability to withstand a current of about 15 kA for at least 2-4 µs (for the 
parallel diode). After research on available commercial products I found two fast 
recovery diode, capsule shaped, compliant with my requirements. These are two 
Westcode Fast Recovery Diode type M0736LC450. This kind of diode is able to 
withstand a repetitive peak reverse voltage of 4.5 kV and the capacity for fusing 
(considering t = 10 ms and V = 4.5 kV) is sAtI 232 10500 ⋅= . Considering that 
the thruster will generate a current discharge with a peak of about 15 kA @ 3 kV 
spending 2 µs, the product tI 2  will be sAtI 232 105.0 ⋅≅  and so lower than the 
maximum allowable by the diode. 
 
 
Figure&5.8:&Picture!of!the!diode!box 
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This kind of diode before to be used need to be assembled on a bar type clamp. 
The clamp is used to guarantee the right contact between diode surface and 
electrical interface. Following diode datasheet I mounted a 18kN clamp. 
 
 
Figure&5.9:&Picture!of!the!diode!box 
The main task of the separation relay is to allow the charging of the capacitor 
bank and to physically decouple the discharging circuit from the charging one. 
For the selection of the relay I assumed the following conditions: 
 
• Maximum charging voltage of the capacitor bank: 4500V 
• Maximum current provided by the FUG: 30mA 
 
In these conditions the Cynergy3 DAT72410 seems to be a good choice. It is a 
normally open relay controlled at 24V that uses a high vacuum reed switch; it has 
insulation across contacts of 10kV and a switching voltage capability of 7kV with 
a maximum switching power of 50W. I chose a normally open relay for this 
circuit in order to by sure that in case of blackout the discharging circuit is 
decoupled by the charging one. The last part of the safety circuit is the safety box. 
I designed a safety box in order to avoid the capacitor to stay charged in case of 
thruster failure, not occurrence of the spark, failure of some electric component or 
black out. A safety relay and a resistor essentially constitute the safety box. The 
main task of this circuit is to discharge the capacitor. For the design of the circuit 
and selection of components I assumed the following conditions: 
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• Maximum voltage of the capacitor bank: 4500 V@15 µF, corresponding 
to an energy of about 150 J 
• Maximum current provided by the FUG (that is current limited) is 30mA 
 
In these conditions the Cynergy3 DBT72410 seems to be a good choice. It is a 
normally closed relay that uses high vacuum reed switch; it has insulation across 
contacts of 10 kV and a switching voltage capability of 7 kV with a maximum 
switching power of 50 W. I chose a normally closed relay for this circuit in order 
to be sure that in case of blackout, the capacitor has discharged on resistor. I 
chose the value of the resistance in order to limit at few mA the current flowing in 
the discharging circuit of the safety box. The safety box is designed to work in 
case of not proper behavior of the thruster and so the time needed to discharge the 
capacitor bank is not an issue and a value of the 5-10 s is acceptable. Considering 
a maximum charging voltage of 4.5 kV and a maximum current of 30 mA (in a 
continuous manner) the resistance value is 
 
Ω== kIVR C 150max  
 
With this value of the resistance the time needed to completely discharge the 
capacitor bank is about sRC 1155 ==τ . The power that the resistor has to 
manage is in the order of VI = 135 W but considering the true behavior of the 
current discharge of a 15 µF capacitor on a 150 kΩ resistor (as reported in the 
following simulation where the green plot is the voltage and the blue one is the 
current) 
 
 
Figure&5.10:&Current!discharge!simulation!on!a!150!kΩ!resistor 
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It is clear that the maximum current is applied only for short time ≈ 0.5 s. 
Therefore I bought 3 TE Connectivity HSA5050KJ, they are 50 kΩ each, able to 
withstand a power of 50W at ambient temperature and a voltage peak of 2.5kV 
each. Due to the fact that the overload at 135 W is applied only for short time, this 
is not an issue. In fact the resistor is able to withstand an overload variable with 
the time of application of the overload itself as in the following plot (from 
datasheet): 
 
 
Figure&5.11:&Admissible!resistor!power!overload!with!time 
The safety circuit assembled is showed in the following picture: 
 
 
Figure&5.12:&Safety!circuit!assembly 
SW1 SW3 
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In the right side of the picture there are cables from the PC (5V connections) and 
from the 24V power supply requested by high voltage relay. In the mid there are 
both switches SW1 (separation relay) and SW3 (safety relay). At the left side 
there is the 150 kΩ resistor bank. For all high voltage, high current connection I 
used cables with insulation of at least 15kV. The SW2 (ignition relay) used to 
activate the spark igniter is in the ignition box. 
5.1.d Capacitor(bank(
After spark occurrence the PPT capacitor bank starts to supply the energy needed 
to generate and sustain the arc discharge and then to ablate the propellant. For my 
experiment I used a capacitor bank with a total capacitance of 15 µF. The 
capacitor bank was charged using a high voltage power supply (FUG) able to 
provide a maximum current of 30 mA@15 kV max. As extensively discussed in 
Chapter 2 the typical power supply unit for this class of thruster is constituted by 
a bank of high energy, low inductance capacitors. For my experiment I used three 
capacitors available at Alta Spa from a different research program. Basic 
characteristics are presented in the following: 
 
Manufacturer: KGM - Hivotronic Division, Basingstoke, Hants 
Model: High Voltage Rapid Discharge Capacitor 
Capacitance: 5 µF 
Internal Inductance: 5nH 
Internal Resistance: Nd 
Max. applicable Voltage: 10KV 
 
Having the possibility to design a new capacitor bank the rationale should be the 
following: 
 
1. the capacitor should be designed in order to sustain high voltage with 
very low inductance (few nH) and low resistance 
2. evaluate the electrical parameters of the thruster + handling and choose a 
capacitance able to obtain a dumped current discharge (see chapter 2 for 
details) 
3. the capacitor bank should be able to work in vacuum (in addition to the 
evidence that this thruster is designed to work on a spacecraft, even in 
laboratory it is useful to have the possibility to put the capacitor bank 
inside the vacuum chamber. This have the direct effect to reduce the 
inductance between the power supply and the thruster with beneficial 
effect on thruster performance as detailed in Chapter 2) 
 
This kind of capacitor are usually designed for the specific application and are 
very expensive. The capacitors available for my experiment are able to sustain 
high voltage at very low inductance but cannot be put in vacuum (at least without 
Chapter!5!4!Experiment! 97!
!
a box). The physical distance that exists between the capacitor bank and the 
thruster introduces in the equivalent RLC circuit a certain amount of inductance. 
This means that in order to obtain a matched condition between capacitor and 
thruster circuit a large capacitance should be used or a large resistance. 
Introducing a resistance is possible but implies an increment in Joule effect losses 
and so a reduction of efficiency. So an oscillating current waveform it is expected 
with 15 µF. Having three capacitors to be connected in parallel I designed and 
manufactured a low inductance connection using a couple of copper parallel 
plates as in the following scheme: 
 
 
Figure&5.13:&Schematic!of!capacitor!bank!assembly 
 
An estimation of the inductance introduced by the connection can be calculated 
by the following (h is the distance between plates = 1 mm, very low with respect 
to the width of the plates w = 30 mm): 
 
mnHwhL /9.410 == µ  
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The connection adds a little amount of inductance to the ESL of capacitors n. 1 
and n. 3 and a negligible ESL to capacitor n. 2. The equivalent real capacitor can 
be calculated. It will have a capacitance of 15 µF, an ESL of about 2.5nH. 
 
 
Figure&5.14:&Capacitor!bank!assembly!
5.1.e Vacuum(Chamber(
The thruster has been tested at Alta micro-propulsion laboratory. The vacuum 
chamber that I used is able to achieve a vacuum level lower than 1e-8 mbar. From 
heritage thrusters like PPT worked well with a vacuum level lower than few 1e-5 
mbar. This vacuum level is enough to guarantee a good bake out of the thruster 
and to avoid unwanted electrical discharges. The tech specs of the vacuum 
chamber are as follows: 
 
Volume [m3]: 0.18  
Inner Length [m]: 0.91 
Inner Diameter [m]: 0.5 
Material: AISI 316 
Vacuum Pump 1st stage: primary Varian SH-100 
Vacuum Pump 2nd stage: (Turbo) TV Varian 551 Navigator 
Ultimate Vacuum [mbar]: less than 1e-8 mbar*l/s 
Leak rate: less than 1e-9 mbar*l/s  
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Figure&5.15:&Vacuum!chamber!drawing 
 
Figure&5.16:&Vacuum!chamber!with!PPT!mounted 
5.1.f Diagnostic(probes(
During the experiment I used the following probes: 
 
• current probe: Rogowski coil type 
• voltage probe: high voltage probe 
• temperature sensor: high voltage optical probe covered by a Teflon layer 
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Current Probe 
 
To measure the high intensity, high frequency current that flow through the PPT 
during operation I used a Rogowski coil probe (assembled and calibrated by 
Rocoil Ltd). Considering that the working frequency of a PPT is in the order of 
100kHz (equivalent to a semi-period of about 5 µs) the probe should be able to 
withstand frequency of at least 1 MHz. This means that the resonant frequency of 
the probe should be higher than 1 MHz with margin. The Rogowski coil is a 
probe able to intercept the current variation that flow within its field (usually of 
circular shape) and to translate this current to a voltage at its termination that is 
proportional to the derivative of the current. Therefore the voltage needs to be 
integrated before to be read by an oscilloscope. In the following a scheme of the 
Rogowski coil: 
 
 
Figure&5.17:&Schematic!representation!of!a!Rogowski!coil!with!a!current!flowing!through!
it 
 
The Rogowski coil works by taking the magnetic field generated by a crossing 
conductor and the Ampère’s law is used to correlate the current flowing with the 
magnetic field. The Ampère law says that if a line shaped as a loop totally 
encircles a current, the line integral of the magnetic field around the loop is equal 
to the net current enclosed by it. Calling B

 the magnetic flux, α the angle 
between the direction of the magnetic field and the local direction of the line and 
dl the infinitesimal part of the loop the following can be written: 
 
                                                 ∫ = idlH αcos  ( 5.1 ) 
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Considering now a section of length dl that contains ndl turns, the magnetic flux 
that involves a section A is: 
 
                                          αµ cos0HAndld =Φ  ( 5.2 ) 
 
Integrating over the entire coil length: 
 
                         
nAidlHAnd 00 cos µαµ ==Φ=Φ ∫∫  ( 5.3 ) 
 
If an alternate current crosses the coil the voltage output at the coil end is given 
by the rate of change of flux as in the following: 
 
                                   dt
dinAdt
dvcoil 0µ−=Φ−=  
( 5.4 ) 
 
The coefficient of proportionality between vcoil and the derivative of the current is 
the mutual inductance between the coil and a conductor threading it named M, so 
the previous relation can be written as follows: 
 
                                                 dt
diMvcoil −=  
( 5.5 ) 
 
The signal from the coil has to be integrated in order to obtain the current. The 
easiest integrator that can be realized is the passive integrator where, in its 
simplest configuration, is constituted by a resistance and a capacitor: 
 
 
Figure&5.18:&Schematic!representation!of!a!passive!integrator 
This circuit is characterized by a constant time RC=τ  and the voltage output 
can be calculated with the following: 
 
102! Chapter!5!4!Experiment!
!
                                       
iMdtvv coilout ττ
=−= ∫
1
 
( 5.6 ) 
 
Re-arranging the equation it is easy to obtain the current starting from the voltage 
read by an oscilloscope. Going to practical consideration, in order to design a 
Rogowski coil able to intercept a high frequency current discharge, it is important 
to realize a coil able to manage very short rising time and with a resonant 
frequency far from the frequency range where the thruster works. In fact the 
Rogowski coil can be seen as an RCL series circuit: 
 
 
Figure&5.19:&Rogowski!coil!equivalent!circuit 
Once R (resistance of the coil), L (self inductance of the coil) and C (self 
capacitance of the coil + lead cable) are known the resonant frequency can be 
evaluated with the following: 
 
                                                  LC
f
π2
1=
 
( 5.7 ) 
 
The Rogowski coil that I used is characterized by the following electrical 
properties (measured by Rocoil): 
 
L = 0.407 µH 
R = 0.7 Ω 
C = 331 pF 
M = 8.67 nH 
 
And so the resulting self-resonant frequency is about 13.7 MHz. Knowing the 
mutual inductance it is possible to define a value of τ compliant with the intensity 
of the current that I want to measure. A good value for the conversion factor 
between voltage output and current is of the order of 10-20 kA/v. For my probe I 
chose a 20 kA/volt ratio. This means that the following relation can be written: 
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2000020000 ⋅=→= MM τ
τ  
 
It is now possible to choose a value of resistance and capacitance that respect the 
presented relation. In fact the resistance of the passive integrator that I used is 
1.734 kΩ and the capacitance is a 0.1 µF, the product respects the relation. The 
product of RC is chosen searching a good frequency response and damping w.r.t. 
the desired frequency range. The first step in designing a Rogowski probe is to 
define the internal diameter of the probe as function of the specific application. 
After that the coil and the material where the coil will be wrapped have to be 
chose, usually a rubber of silicone is used. A not negligible aspect in designing 
Rogowski coil for PPT application is that the mutual inductance of the probe has 
to be as low as possible in order to not disturb the inductance of the power line. 
This means that attention has to be dedicated at choosing the area of the loop and 
the number of the turns ( nAM 0µ= ). The Rogowski probe that I used has 47 
turns, an internal diameter of 18.4 mm, the coil is a 0.7 mm of diameter (including 
insulation) wounded on a silicone rubber of 3.2 mm of diameter and 94 mm of 
length. The lead cable is a Van Damme Pro Grade Classic XKE 1 Pair Install 
Cable 1 meter long. In order  to reduce the noise introduced by the measure and to 
increase the accuracy the probe should be centered on the conductor and the 
returning conductor (in my case the screen of the coaxial cable) should be 
distributed round the outside of the probe as in the following:  
 
Figure&5.20:&Representation!of!optimal!conductors!distribution!around!the!probe 
In the following a picture of the Rogowski coil installed on the main capacitor 
line with the returning conductors placed symmetrically with respect to the axis of 
the probe: 
 
conductors 
returning 
conductors 
probe 
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Figure&5.21:&Picture!of!the!Rogowski!coil!installed!on!PPT!power!line 
Voltage Probe 
 
Only one high voltage calibrated probe was available for the test. It was able to 
withstand potential differences up to 10kV. The factor of attenuation is 1000x. 
 
Temperature Probe 
 
A couple of optical, Teflon coated temperature probes have been used to measure 
the temperature of both electrodes. During my experiment I have never observed 
an increment of temperature higher than 2° as observed by other authors [31]. This 
is due to the fact that the firing frequency was very small (0.3 Hz at the best) and 
that I have never performed more than 100 shots without stop. Therefore PPT 
electrodes had time to dissipate by conduction and radiation the energy received 
by the plasma during the firing process. In the following picture the temperature 
probe installed on the anode and on the cathode respectively (the blue wire): 
 
returning 
conductors 
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Figure&5.22:&Picture!of!the!temperature!probe!installed!on!the!anode!(with!aluminum!
adhesive!tape) 
 
 
 
 
Figure&5.23:&Picture!of!the!temperature!probe!installed!on!the!cathode!(with!aluminum!
adhesive!tape) 
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Oscilloscope 
 
The oscilloscope was a Tektronix DP04104 equipped with a USB connection to 
the PC. 
 
Cabling 
 
Due to the fact that the PPT operates at high voltage (from 1.5 to 4 kV) the first 
concern is to use high voltage cables. There are two kind of connection to be 
realized in order to assembly the PPT system (auxiliary system + thruster). There 
is the high voltage/low current that is used to charge the capacitor and for all 
auxiliary system (safety box, etc.) and the high voltage/high current connection 
that is used to lead the current from the capacitor bank to the thruster. High 
voltage/low current wires were not a problem; particular attention has to be posed 
on connection with thruster. The cables have to be coaxial in order to guarantee a 
low inductance connection and low electromagnetic interferences, have to be able 
to drain the high current generated by a shot without sensible temperature 
increment and have to be compatible with vacuum ambient. Therefore in order to 
guarantee a good temperature behavior (useful to guarantee a constant resistance 
of the cable) it is necessary to define the minimum allowable section. Considering 
that all the heat produced by the flowing current due to Joule effect contributes to 
increment the temperature of the cable the following relation can be written: 
 
                            Tc
ISS
lId
dTlSc
Δ
≅→=
ρ
τγ
γτρ
2
2
 
( 5.8 ) 
 
where S and l are respectively the section and the length of the connection. The 
other elements are characteristic constants of the material of the conductor. These 
are respectively the mass density, the specific heat and the electrical resistivity. 
Assuming the conductor to be copper, considering as worst case a current of 
30kA for a duration of 10 µs and assuming as acceptable a temperature increment 
of maximum 5 °C, the minimum section will be S = 2.98 mm2. Therefore for 
HV/high current connection I used a couple of 1.5 mm2 coaxial cable insulated up 
to 15kV with FEP that is compatible with vacuum surrounding. In the following a 
picture with all HV/high current connection: 
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Figure&5.24:&Picture!of!PPT!mounted!in!the!vacuum!chamber!and!completely!wired 
5.2 Test&execution&
I tested the PPT at different voltage drop from 1.65 kV to 4 kV corresponding to 
an energy stored within the capacitor bank from 20 J to 120 J. For each value of 
the voltage I acquired the current profile, the voltage across the capacitor and the 
voltage across the thruster electrodes. For each setup the discharge current pulse 
is provided. In the next chapter I used these measurements to verify the 
consistency of the performance model. In the following a set of data results at 
different energy values:  
 
HV Coaxial cables 
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Figure&5.25:&Current!discharge!@!1.65!kV!(20!J) 
 
Figure&5.26:&Current!discharge!@!2.3!kV!(40!J) 
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Figure&5.27:&Current!discharge!@!2.85!kV!(60!J) 
 
 
Figure&5.28:&Current!discharge!@!3.3!kV!(80!J) 
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Figure&5.29:&Current!discharge!@!3.65!kV!(100!J) 
 
 
Figure&5.30:&Current!discharge!@!4!kV!(120!J) 
It is interesting to note that increasing the energy the number of oscillation of the 
current increases. This is probably correlated with the fact that at higher level of 
energy a higher amount of propellant is ablated and so available within the 
discharge chamber and, at the same time, a higher amount of energy is stored 
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within the capacitor bank. At lower energy level the plasma is switched off and 
these additional oscillations are not produced. In the following a series of pictures 
with the PPT firing at different levels of energy: 
 
 
Figure&5.31:&PPT!shot!@!1.65!kV!(20!J) 
 
Figure&5.32:&PPT!shot!@!2.3!kV!(40!J)!
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Figure&5.33:&PPT!shot!@!2.85!kV!(60!J) 
 
 
 
Figure&5.34:&PPT!shot!@!3.3!kV!(80!J)!
 
 
 
 
Chapter!5!4!Experiment! 113!
!
 
Figure&5.35:&PPT!shot!@!3.65!kV!(100!J) 
 
 
 
Figure&5.36:&PPT!shot!@!4!kV!(120!J) 
From observation of the pictures it is clear that at lower level of energy a lower 
amount of Teflon is ablated and accelerated. It is evident the increasing trend of 
the phenomena going from 20 to 120J. It is interesting to observe the shape of the 
current front, the plasma sheet doesn’t remain parallel to the propellant surface 
but is shaped as a bell, at least near the propellant surface. This phenomenon is 
probably correlated with field electric lines and drag effect close to the electrodes. 
Further investigation on this topic should be performed to better understand this 
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phenomenon. In the following some additional pictures taken during the 
experiment: 
 
 
 
Figure&5.37:&PPT!shot!@!2!kV!(30!J)!with!room!light!
 
 
 
 
Figure&5.38:&PPT!shot!@!2!kV!(30!J),!front!view 
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Figure&5.39:&Spark!Plug&firing!without!applied!voltage!at!electrodes,!front!view 
 
!

!Chapter!6!4 Analysis(results(and(Comments!
Thanks to Alta Spa availability I had the possibility and the pleasure to use one of 
their high vacuum chamber for my experiment. During the experiment I 
performed about 1000 shots. Thanks to the designed software I had the possibility 
to store all data (pressure of the vacuum chamber, voltage probe data, current 
probe data, etc.) automatically. So I accumulated a very large amount of 
information. In order to evaluate all dimensionless parameters needed to verify 
the effectiveness of my performance evaluation model I used theoretical and 
experimental approach to calculate the following: 
 
• inductance of the equivalent circuit  
• resistance of the equivalent circuit 
• ablated mass per shot 
6.1 Inductance&of&the&equivalent&circuit&
The initial inductance of the equivalent circuit is constituted by the series 
inductance of the capacitor bank and the inductance of the line between the 
capacitor bank and the thruster electrodes. 
 
Capacitor bank inductance: as reported in chapter 5 the capacitor bank 
inductance is about 2.5 nH. 
 
Inductance of the line: I calculated analytically the inductance of the wiring for 
all connection between the capacitor and the electrodes (at firing position). The 
line is composed by the following: 
 
• capacitors connection 
• capacitor bank and feedthrough 
• feedthrough 
• feedthrough and thruster 
• connection between electrodes (at discharge position) and thruster 
connection 
 
Capacitor connection: this element has been included in the equivalent series 
inductance of the capacitor. 
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Capacitor bank and feedthrough: The length of the connection between the 
capacitor bank and feedthrough is realized with a couple of 25 cm coaxial cable 
connected in parallel. The radius of the internal and external conductor is 
respectively 0.69 mm and 2 mm. The inductance per meter of a single coaxial 
cable can be calculated by the following: 
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Therefore the equivalent series inductance of the parallel connection is about 33 
nH. 
  
Feedthrough: The feedthrough is a vacuum high voltage feedthrough, the 
connection is realized with two rigid rod of copper of 2.5 mm diameter in parallel 
for each way (from and to the thruster). The length is about 12 cm. The relative 
distance of the wires is as in the following scheme: 
 
 
Figure&6.1:&Scheme!of!feedthrough!PINs!displacement 
the inductance can be evaluated considering the self-inductance of each wire and 
the mutual inductance of the wires as in the following: 
 
                                        12131 844 MMLL −+=  ( 6.1 ) 
Under the hypothesis that the distance between wires and the radius are little with 
respect to the length of the connection, the following relations can be used [30]: 
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Therefore the total inductance of the feedthrough is about 237 nH. 
 
Feedthrough and thruster: the coaxial cable is the same used for the connection 
between the capacitor bank and the feedthrough and so same considerations are 
still valid. The length of the connection is 25 cm and the connection is realized by 
two coaxial cables connected in parallel. Therefore the equivalent series 
inductance of the parallel connection is about 33 nH. 
 
Connection between electrodes (at discharge position) and thruster connection: 
This connection is hard to be evaluated due to geometry variation. An indication 
of its value can be obtained considering a connection of length 5cm performed 
with a couple of parallel plates with thickness 6 mm and width 30 mm, placed at a 
distance of 7 mm (this is an approximation of the real geometry of the 
connection). In this case evaluating the impedance with the following formula I 
obtain: 
 
                                            
nHw
dL 150 == µ  
( 6.2 ) 
 
The calculated total inductance of the circuit at the moment of the discharge is 
about 320nH. 
 
Observing the semi-period of the experimental current discharge and considering 
that in an RLC series circuit the oscillation semi-period can be expressed by the 
following formula: 
 
                                                    LCT π=  ( 6.3 ) 
 
I know that the capacitance is nominally 15 µF (in fact I measured the capacitance 
to be 14,7 µF), from the following experimental plot at 4kV I can measure a semi-
period of oscillation of about 6.8 µs. 
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Figure&6.2:&Detail!of!PPT!current!discharge!@!4!kV 
 Therefore it is possible to calculate the inductance of the circuit as follows: 
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And substituting I obtain for 15 µF an inductance of 312 nH and for 14.7 µF an 
inductance of 318 nH. Both values are very close to what I calculated analytically. 
The total inductance evaluated with eq. (6.4) doesn’t take into account the 
variable inductance of the thruster during the current pulse but is a good 
approximation of that value. 
6.2 Resistance&of&the&equivalent&circuit&&
The resistance of the equivalent circuit is constituted by the series resistance of 
the capacitor bank, the resistance of the line between the capacitor bank and the 
thruster electrodes and the plasma resistance. 
 
Line resistance: I calculated analytically the resistance of the wiring for all 
connection between the capacitor and the electrodes (at firing position). The line 
is composed by the following: 
 
• capacitors connection 
• coaxial cable between capacitor bank and feedthrough 
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• feedthrough 
• coaxial cable between feedthrough and thruster 
• connection between electrodes (at discharge position) and thruster 
connection 
 
The capacitor connection is made with two plates of copper as previously 
presented with a cross section of 120 mm2. The resistivity of the copper is 5.8e7 
S/m and so the resistance per meter is about 140e-3 mΩ. This value is completely 
negligible for a 10cm length connection. 
 
Capacitor bank and feedthrough: the coaxial cable is an high tension cable 
realized by an Italian manufacturer SAMI. From datasheet its maximum 
resistance at 20 Celsius degrees is 13.7 mΩ per meter. The length of the 
connection between the capacitor bank and feedthrough is realized with a couple 
of 25 cm coaxial cable connected in parallel and so the equivalent resistance of 
the connection is about 1.4 mΩ. 
 
Feedthrough: The feedthrough is composed by two rigid rod of copper of 2 mm 
diameter in parallel for each way (from and to the thruster). The length is about 
12 cm. The area of the wire is about 3.14 mm2 and so the resistance per meter of a 
wire is about 5.5 mΩ corresponding to a resistance of about 0.35 mΩ for each 
way considering the parallel connection. 
 
Feedthrough and thruster: the coaxial cable is the same used for the connection 
between the capacitor bank and the feedthrough and so same considerations are 
still valid. The length of the connection is 25 cm and the connection is realized by 
two cables connected in parallel. Therefore the equivalent resistance of the 
connection is about 1.4 mΩ. 
 
Connection between electrodes (at discharge position) and thruster connection: 
the anode is connected directly to the coaxial cables but the cathode is connected 
to the coaxial cables through the aluminum central body of the thruster. So the 
resistance of this element has to be evaluated. The aluminum plate is about 10 cm 
of length but in correspondence of the hole needed to feed the Teflon there is 
reduction of the section of the aluminum (for about 3cm). The value of the 
nominal section is 385 mm2 and the value of the reduced section is 70 mm2. The 
resistivity of the aluminum is 3.54e7 S/m and so the resistance per meter for the 
nominal section and for the reduced one are respectively 74 mΩ and 404 mΩ per 
meter. The corresponding resistance of the connection is 0.02 mΩ and so 
negligible. 
 
Therefore the total amount of resistance for each line (capacitor to PPT and vice 
versa) is about 3.2 mΩ. I measured the resistance with a multimeter obtaining the 
value of 4 mΩ that is very close to what I calculated. The slight difference can be 
imputed to contact resistance. 
122! Chapter!6!4!Analysis!results!and!Comments!
!
 
Finally the total amount of series resistance introduced by the line is 7-8 mΩ. 
 
Capacitor bank resistance: Datasheet of the capacitor is not available and so 
only an experimental evaluation it is possible. I measured the resistance of the 
capacitor at various frequency with a HP 4284A (LCR meter) and I obtained 
values from 0.5 to 2 mΩ. 
 
Total resistance evaluation: As expectable at different values of energy 
corresponds different plasma temperatures[19] and so different values of plasma 
resistance. This have an impact on the total resistance sees by the capacitor during 
the discharge. In the following a table with the values of resistance to be used in 
the theoretical performance model for each value of energy (after matching with 
simulated RLC discharge). 
 
E 
[J] 
V 
[kV] 
Req 
[mΩ] 
20 1.65 28 
40 2.3 24 
60 2.8 23 
80 3.3 22 
100 4 20 
Table&6.1:&Experimental!matched!circuit!resistance!with!energy 
 
Figure&6.3:!Plot!of!experimental!matched!circuit!resistance!with!energy![mΩ vs. J] 
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The relation between the total resistance of the circuit and the energy stored 
within capacitor is expressed in the plot. Due to the fact that the resistance line 
plus capacitor bank has a resistance of about 7-9 mΩ, the PPT resistance moves 
from about 20 to about 12 mΩ when going from 20 to 100 J. These values are 
comparable with values available in literature [19]. 
 
PPT resistance: Even though there are a number of elements that can introduce 
errors in the calculation of the PPT resistance, I tried to estimate the PPT 
resistance using the current flowing within the circuit and the potential drop. 
Considering the current discharge at 2 kV: 
 
 
Figure&6.4:!PPT!Current!discharge!@!2!kV! 
and considering the voltage difference between electrodes: 
 
 
Figure&6.5:!PPT!voltage!between!electrodes 
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I can obtain an experimental verification of PPT resistance estimated in the 
previous paragraph. 
 
 
Figure&6.6:!PPT!ratio!between!voltage!across!electrodes!and!current!discharge!@!2!kV! 
In the y axis there is the resistance of the PPT (measured in Ω) during PPT 
operation. As obvious where the current is zero there is a discontinuity so what is 
relevant in order to evaluate the resistance is the gap between two zero of the 
current. With reference to the first semi-period the value of the plasma resistance 
is in the range 15 to 25 mΩ. The value from the table in the precedent paragraph 
show 17 mΩ for a value of charging voltage of 2 kV. In the second and third 
current oscillations similar but different values of resistance are measured (within 
the range 25 to 50 mΩ), a number of factors can be responsible of this fact: 
 
• the plasma reduces its temperature during the dynamic process 
• if more than one current sheet are generated and accelerated they have 
different energy level due to energy consumption 
• ablated propellant expand within the vacuum chamber and so different 
density distribution can have an impact on the resistance 
 
The values of current and voltage measured during last oscillations are affected 
by measuring errors and so that values cannot be considered. 
 
Matching considerations 
 
With calculated values of inductance and capacitance of the entire system it is 
possible to verify the coupling condition between capacitor and load. In fact as 
discussed in Chapter 2 in order to obtain a dumped current discharge the 
following relation has to be verified: 
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                                                       C = 4L R2  ( 6.5 ) 
 
Substituting L=315 nH and a mean value for R equal to 25 mΩ the resulting 
capacitance is 50 µF (64 µF if considering the electrodes inductance at the end of 
the accelerating chamber). That’s why with 15 µF I obtained an oscillatory shape. 
A direction to improve the design is to reduce the bank inductance to the lowest 
value, that’s why a direct connection between capacitor and thruster is desirable. 
If the bank inductance can be reduced for example at 100 nH, the resulting 
capacitance will be 16 µF. 
6.3 Teflon&ablated&mass&measurement&
I calculated the ablated mass per shot performing a large number of consecutive 
shots (> 200) and measuring the total mass of Teflon before and after the 
repetitive firing cycle. I performed the measure at two different values of charging 
voltage, 1.83kV (25 J) and 2.3kV (40 J). 
  
• The total ablated mass during 450 shots @ 1.85kV has been 10 mg and so 
about 22 µg/shot 
• The total ablated mass during 245 shots @ 2.3kV has been 6 mg and so 
about 24.5 µg/shot   
 
Due to instrument accuracy these values have to be considered with an error 
margin of about 5-10%. Anyway these values of ablated mass are within the same 
range of mass consumption experienced by other authors [19]. The mass ablated at 
higher energy is higher than the mass ablated at lower energy, this is coherent 
with the following relation [29]: 
 
m = k i2 dt
0
∞
∫ ∝E  
 
where k is a characteristic constant which depends on the thruster geometry and 
feeding system configuration and E is the energy stored within the capacitor bank. 
Each measurement has been performed before and after Teflon surface cleaning. 
The amount of dirty mass deposited on the Teflon surface was of about 2 mg 
during the first cycle and 1 mg during the second one. In the following a picture 
of the Teflon surface before to be cleaned: 
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Figure&6.7:!Teflon!surface!after!about!450!shots,!before!to!be!cleaned! 
From picture is visible the carbon deposited on the surface due to back flux. The 
area near the spark plug is the more affected by this contamination. The 
deposition of carbon it is not a good thing, it has the effect to cover the Teflon 
with a temperature resistant layer and so reduces the propellant ablation. The 
behavior of the thruster with respect to this phenomenon is variable with the 
applied energy and so further investigations should be performed at different 
values of energy. The phenomenon is complicated and also the spark plug (that is 
very close to the Teflon surface) position can play a role. Therefore I investigated 
the effect of moving the spark plug tip away from the discharge chamber. In order 
to do this I cleaned the Teflon surface and I moved the spark plug back of about 5 
mm. 
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Figure&6.8:!Teflon!surface!after!about!450!shots,!after!cleaning 
I started the second cycle of repetitive shots and in the following a picture of the 
Teflon surface after about 250 shots. 
 
 
Figure&6.9:!Teflon!surface!after!about!250!shots,!different!spark!plug!position!
It is evident the improvement that a different position of the spark plug have on 
the contamination of the propellant surface. I obtained a symmetrical 
contamination with the central area very clean and the outer regions near the 
spark plug covered with carbon but with an intensity variable with the distance 
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from the central zone. At the end of the experiment I taken the opportunity to 
observe with a microscope the surface of the Teflon in different regions: 
 
 
Figure&6.10:!Teflon!surface,!clean!region,!20x!zoom!
 
Figure&6.11:!Teflon!surface,!between!clean!and!carbonized!region,!20x!zoom!
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Figure&6.12:!Teflon!surface,!region!covered!by!carbon,!20x!zoom!
 
Figure&6.13:!Teflon!surface,!detail!of!carbon!deposition,!100x!zoom!
6.4 Comparison&between&experimental&and&Theoretical&performance&model&
results&
It is now possible to use the measured parameters to verify if the model presented 
in chapter 2 can be a support in designing new thruster configuration. In order to 
do this I calculated all parameters presented in Chapter 2 substituting what I 
measured in terms of ablated mass, resistance, etc.. After that I launched the 
software and I tried to match experimental results with model results in terms of 
current discharge shape. Moreover I verified that the calculated plasma sheet 
velocity is within the range of velocity measured by other authors [19]. In the 
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following I plot the model results in terms of velocity and current for the 
following configuration (data from previous paragraphs): 
 
Charging voltage = 2.8 kV 
Circuit resistance = 23 mΩ 
Total ablated mass = 27 µg 
 
 
Figure&6.14:!Current!discharge!from!the!theoretical!performance!model!@!2.8!kV!
For convenience I plotted the experimental current discharge within the same time 
scale: 
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Figure&6.15:!Current!discharge!from!experiment!@!2.8!kV!
The adjustments that I performed in order to obtain a very close current discharge 
shape are to put a = 0.9 (the mass parameter, see Chapter 2 for details) and to put 
as ablated mass a fraction of the total ablated mass. A different value of a has the 
direct effect to modify the semi-period (lower a -> higher semi-period) of the 
current discharge. The ablation and acceleration phenomena is very fast and so it 
is reasonable that the huge part of the mass will be close to the propellant surface 
during the plasma acceleration process. The simulation has been arrested when 
the plasma sheet get the discharge chamber end. At that time if energy is available 
within the capacitor bank, a new discharge can be generated at the breech of the 
thruster and a new acceleration process can start. This is the case, in fact due to 
RLC parameters, the current shape is oscillating and when the current is zero 
exists the condition to have a new current discharge. In fact when the current goes 
to zero the plasma is close to the end of the discharge chamber and some gas is 
available near the Teflon surface. Therefore a new discharge can occurs in the 
region of low inductance. 
The velocity of the plasma sheet calculated by the model is about 16.5 Km/s. This 
results is coherent with plasma velocity measurement performed by other authors 
[19]. With these values, an estimation of the mean performance of the thruster @ 
2.8 kV are as follows (without considering the thermal contribution to the thrust): 
 
IS = ve g0 =1680 s
Ibit = IS ⋅m ⋅ g0 =m ⋅ ve = 445µN − s
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The amount of total ablated mass per shot used in the model has been derived by 
performed measures at different voltage, the amount of mass accelerated during 
the first current discharge has been derived by energy consideration and best 
matching techniques. In order to obtain a direct verification of the validity of the 
ablation model presented in Chapter 3 I calculated the ablation rate with a current 
discharge of 2.8 kV. The model considers the plasma sheet to be confined near 
the propellant surface for all the duration of the discharge and so only a first step 
verification can be obtained. From performance evaluation model I obtained a 
good correlation with an ablated mass of about 17 µg so my expectation is to 
obtain a number like this during first 2 µs , i.e. before to achieve the current 
maximum. In the following the model result: 
 
Figure&6.16:!Mass!ablated!with!time!from!ablation!model!@!2.8!kV!
After a first stage where the energy from the current discharge is used to 
increment the Teflon temperature and to dissociate the Teflon molecules, the rate 
of ablated mass start to increase. Under the hypothesis of plasma sheet near to the 
Teflon surface the model predicts a mass consumption of about 10-20 µg within 
the considered range of time. This result is in agreement with my expectations. 
!Chapter!7!4 Conclusion)and)Future)
Development!
After an in-depth research on the actual status of the art in designing and 
performance of ablative PPT, starting from a work of other authors I realized a 
model to investigate theoretical performance of PPT in terms of electrical 
parameters and plasma velocity. I investigated different energy storage solutions 
like PFN and Transmission Line providing relevant circuit equations. I have also 
investigated on phenomena involved in the ablation process of PPT writing a 
software able to estimate relevant physical properties of plasma and propellant. In 
order to verify the validity of presented models I designed, manufactured and 
tested an ablative PPT in breech fed configuration with shaped and flared 
electrodes at different charging conditions. After about 1000 shots I stored a large 
amount of data on electrical performance of the thruster and investigated the 
ablated mass and the propellant surface. The comparison of analysis results with 
experimental results showed good correspondence. The huge amount of stored 
data and the observations reporter in the thesis should be a useful support to the 
design of new PPTs and to the improvement of their performance. 
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